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A PRE-WISCONSIN FOREST SUCCESSION 
IN THE PUGET LOWLAND, WASHINGTON’ 


HENRY P. HANSEN anv J. HOOVER MACKIN 


Presented before the Ecological Society of America, AAAS Meeting, 
Vancouver, B.C., June 1949. 


ABSTRACT. Pollen profiles from existing peat bogs in the Puget Low- 
land provide a clear picture of forest successions and climatic changes from 
the time of retreat of Wisconsin ice to the present. This paper applies 
the pollen analysis technique in a study of compacted peat layers and 
peaty clays that make up part of one stratigraphic unit in a complex 
sequence of pre-Wisconsin Pleistocene deposits that underlie the central 
part of the Lowland. While there are some nondepositional or erosional 
gaps, the forest succession as reflected in the pollen profiles indicates 
that the unit represents an interglacial age, including a phase of ice 
recession, a climatic optimum comparable with the present, and the 
readvance of ice of the next glacial age. These conclusions are based on 
samples collected from only one composite section and are therefore tenta- 
tive, but the results indicate that pollen analysis will be a valuable tool 


in working out the pre-Wisconsin Pleistocene stratigraphy in the Puget 
Lowland. 


INTRODUCTION 


HE principal topographic elements of the central part of 

the Puget Lowland are north-south trending drumloidal 
hills and intervening troughs occupied by the branches of 
Puget Sound. The drumloids are veneered by the Vashon (Wis- 
consin) till sheet; their cores consist of flat-bedded gravels, 
sands, and clays, with intercalated layers of peat and lenses of 
till, comprising the “Admiralty sediments.” Bretz (1913), fol- 
lowing Willis (1898) in part, concluded from these and other 
relationships (1) that the Admiralty sediments were deposited 
chiefly during recession of the Admiralty glacier, (2) that the 
aggradational plain so formed was trenched by streams during 
an interglacial age, and (3) that this interglacial hill and 
valley topography was modified into the present trough- 


2 The first author is grateful to the John Simon Guggenheim Memorial 
Foundation for a fellowship during the year 1947-48, which enabled him to 
devote his time to research, and to the American Philosophical Society, and 
the General Research Council of Oregon State College for grants to defray 
laboratory and field expenses. 
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drumloid topography by the Vashon glacier during Wisconsin 
time. 

A general restudy of the glacial geology of the Puget area 
now in progress (Mackin, 1941) indicates that at least two 
pre-Wisconsin drift sheets are separable in southern drift 
border areas on the basis of weathering contrasts and other 
conventional mapping criteria. The Admiralty sediments that 
underlie the Vashon till in the central part of the Lowland also 
include deposits of more than one pre-Wisconsin age, but the 
conventional methods are not applicable because such weath- 
ered mantles as may have formed during interglacials have 
been destroyed in process of emplacement of later till sheets ; 
subdivision of the Admiralty sediments is essentially a strati- 
graphic problem with no good basis for assigning time values 
to the disconformities that occur within the sequence. A closely 
related and equally serious difficulty has been a lack of evi- 
dence as to the climatic conditions that prevai'ed during the 
deposition of Admiralty lithologic units other than till sheets, 
that is, to whether a given sedimentary unit was deposited in 
immediate proximity to glaciers, or during a period of advance 
or retreat, or during a warm interglacial. 

Pollen profiles of sections from existing peat bogs through- 
out the Puget Lowland provide a clear picture of the major 
trends of forest succession during late glacial and recent time 
(Hansen, 1947a). In this postglacial sequence, the base of the 
peat marks the time of withdrawal of the ice, and the top of 
the living bog is the present, so the duration of the period of 
accumulation of the peat section is therefore reasonably well 
known. Forest succession indicated by the pollen profiles can 
be correlated with other kinds of data on a regional scale and 
furnish an excellent record of postglacial climatic trends and 
the many other factors, such as fire and varying physiographic 
conditions from place to place, that influence the normal forest 
development from pioneering types to climax types. 

It is evident that the pollen analysis technique, applied to 
the compacted peats and peaty clays that occur in the Ad- 
miralty sediments, may furnish answers to some of the pre- 
Wisconsin glacio-stratigraphic questions outlined above, and 
that the mass of data bearing on postglacial forest develop- 
ment provides a sound basis for interpreting pre-Wisconsin 
forest successions in the same area. This paper illustrates the 
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use of pollen counts in a study of a composite section of an 
Admiralty stratigraphic unit that apparently represents an 
interglacial age, including a phase of ice recession, a climatic 
optimum more or less comparable to the present, and the re- 
advance of the ice of the next glacial stage. Microscopic work 
and inferences as to forest types, climatic conditions and dura- 
tion of the interglacial are by Hansen. Discussion of field rela- 
tions, by Mackin, is confined to the sections sampled in the 
course of this joint study. 


DESCRIPTION OF THE EVERETT GORGE SECTION 

The Everett Gorge Section is exposed in the sides of a 
narrow “inner valley” cut within the last 25 years by waste 
water from an Everett reservoir (SW14, Sec. 30, T. 29 N., 
R. 5 E.; see Everett quadrangle). The Gorge is essentially ver- 
tical walled, about 1,000 feet long, and with a maximum depth 
of about 125 feet. Sets of samples A to D (fig. 1) were taken 
with the aid of ropes and ladders from different parts of the 
walls, such that the top of a lower unit sampled downstream 
(as A), is traceable by eye to the base of the next higher unit 
(as B) sampled upstream. Because pollen grains are not well 
preserved in oxidized sand and gravel, only the silt and clay 
layers were sampled. Each sample represents a segment of a 
continuous channel picked into the cliff face far enough to 
eliminate the possibility of contamination by surface wash. 
Figure 1 shows the succession of beds and the order in which 
the samples are numbered. 

All of the coarser sediments are strongly oxidized; open- 
textured gravels are deep red-brown in color and sands are 
tan and brown. Silts and clays are generally dark gray with 
shades of brown due to the presence of organic matter rather 
than to oxidization of iron. Oxidation effects are uniform 
throughout the thickness of the gravel layers and penetrate a 
few inches to a foot into overlying and underlying silty clays, 
these relations suggesting pre-gorge conditions when the 
gravels carried ground water under pressure in contrast to 
present conditions under which seepage is usually confined to 
the lower few inches of each gravel layer. The significant point 
is that oxidation varies directly with permeability and is clearly 
due to circulation of subsurface water; the alternation of oxi- 
dized sand-gravel layers and unoxidized silt-clay layers does 
not indicate lapses of time during deposition of the sequence. 
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The lower part of the section (units A and B) consists pre- 
dominantly of dark gray and brown silty clays with which are 
interbedded sheets and lenses of well sorted gravel five to ten 
feet in thickness, with average larger pebble sizes to two inches. 
Thick layers of cross-bedded sand are notably absent. Inter- 
bedding of the gravel and the silty clays certainly does not 
mean changes in depth of water or other regional conditions 
of deposition. The silty clays are overbank deposits, formed in 
floodplain lakes and swamps, and represent the finer fractions 
of the suspended loads of through-flowing streams. The gravels 
are the channel deposits of the same streams, and represent the 
coarsest fractions of their bed loads. 

The general picture suggested by the lower part of the 
Everett Gorge section is that of very slow aggradation by 
meandering streams flanked by floodplain lakes and swamps in 
which the silty clays and peats were laid down. The fact that 
this part of the section consists dominantly of overbank mate- 
rials, and only in small part of channel gravels, indicates that 
the rate of lateral shifting of the streams was slow relative to 
the overall rate of upbuilding of the aggradational plain 
(Mackin, 1948, p. 502-3). It is important, in this connection, 
to note that the gravel lenses occupy channels cut in the finer- 
textured sediments, and that there is no way to determine the 
thicknesses of silty clay and peat that were scoured away by 
laterally shifting meanders during the period of deposition. 
There is, in other words, no geologic basis for assigning time 
values to the discomformities at the base of each channel gravel 
sheet, and it is therefore evident that estimates of rates of 
deposition of the silty clay and peat now seen in gorge walls 
can provide only a minimum figure for the duration of the 
period of time represented by the sequence. 

The upper part of the section, particularly above C 53, is 
composed largely of coarse, cross-bedded sand with scattered 
small pebbles, probably representing channel deposits of 
streams of braided habit (fig. 1). The marked decrease in 
grain size from the channel gravels in the lower part of the 
section does not indicate a decrease in size of rock fragments 
supplied to the streams at their sources; it suggests, rather, 
that under changed conditions of rapid aggradation, the 
boulder and pebble fraction of the stream loads were being 
selectively deposited in aggradational fills farther “upstream,” 
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so that only the sand fractions reached the Everett locality 
(Mackin, 1948, p. 505-6). Similarly, the fact that laminated 
clays and silts, which predominate below, make up only a small 
part of the upper deposits is probably due to rapid lateral 
shifting of the braided channels as contrasted with relatively 
stable channel conditions that prevailed during accumulation 
of the lower part of the section. 

An indirect line of evidence bears on the reason for the 
change in type of sedimentation during the deposition of the 
Everett section. Overbank silts and clays in the transitional 
part of the sequence (the C unit) are described as “fibrous” 
in the columnar section because, where they are exposed to the 
gentle washing action of the present stream, they carry a dark 
brown “hairy” coating made up of partly oxidized shreds of 
woody material. Similar woody fluff accumulates on screens 
used in sizing certain Puget tills deposited by glaciers that 
were, in the immediate vicinity, advancing through forests. 
The presence of macerated logs in and under these till sheets 
indicates that the fluff is, so to speak, the woody equivalent 
of rock flour. Its occurrence, together with numerous abraded 
wood slabs and rounded knots, in the silts and clays in the 
transitional part of the Everett section, and the absence of 
these materials in the lower part of the section, suggests that 
the change from stability or very slow aggradation by meander- 
ing streams to rapid aggradation by braided streams was due 
to advance of glaciers into the drainage basins of these streams. 


DESCRIPTION OF THE POSSESSION POINT SECTION 


It is virtually certain, on the basis of relationships in the 
Admiralty sediments elsewhere in the Puget Lowland, that the 
sequence exposed in the Everett Gorge is underlain at some 
depth by a till sheet marking the base of the major pre- 
Wisconsin depositional unit of which the Everett Gorge beds 
are a part, and it is evident that sampling for pollen analysis 
should, if possible, extend downward to the till. The lowest 
exposures in the Gorge are about 95 feet above sea level. Clays, 
silts, and gravels are encountered in pits and hill slope trenches 
at lower levels, but all of the lower valley sides and wave-cut 
cliffs in the vicinity are so heavily covered by creep material, 
landslide debris and/or Vashon till that no continuous section 
is available (absence of exposures at and just above sea level is 
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due chiefly to a railway embankment that follows the shoreline 
and has checked wave erosion along the east side of Puget 
Sound). The nearest continuous section seen in reconnaissance 
is at Possession Point, a fresh-wave-cut cliff at the south end 
of Whidby Island, about nine miles west-southwest of the 
Everett locality. 

The Possession Point exposures show a till at sea level, 
overlain by poorly sorted sand and gravel with ice shove and 
slump structures. These outwash materials grade upward be- 
tween 50 feet and 75 feet above sea level into dark gray and 
brown peat-bearing silty clays with lenses of stained gravel 
identical in appearance with the lower part of the Everett 
Gorge section (fig. 1). Samples P 1 to P 4 represent thin peat 
layers occurring 50 to 110 feet above sea level; samples P 5 to 
P 15 were taken from a 5-foot bed of massive peat at 125-136 
feet above sea level. The thick peat layer is overlain, with un- 
dulating, ice-scoured contact, by dense gray till (hereafter, the 
“Mid-cliff till”) to 180-190 feet, laminated blue clay, silt and 
sand to about 290 feet, and Vashon till to the top of the 
cliff exposures at about 329 feet (fig. 1). 

Similarity in lithology, and the general correspondence in 
elevation above sea level, indicate that the peat-bearing sedi- 
ments below the “Mid-cliff till” at Possession Point probably 
correlate with and predate in part the lowermost (A and B) 
sediments in the Everett Gorge section (fig. 1). Exposures of 
peat-bearing silty clays with stained channel gravels at the 
same general elevations in sea cliffs and artificial excavations 
between the two localities tend to confirm the correlation and 
to indicate that the unit was formerly continuous throughout 
this portion of the Puget Lowland. The fact that individual 
beds of peat, clay, and gravel are lenses, nested in cut and fill 
arrangement, means that precise elevations above sea level has 
little significance concerning bed-by-bed correlation between the 
Everett and Possession sections. 


GEOLOGIC INTERPRETATION OF THE EVERETT 
GORGE-POSSESSION POINT SECTION 


The composite section based on this tentative correlation is 
divisible into three parts for purposes of discussion: (1) the 
“sea-level till” at Possession Point with overlying poorly sorted 
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sand and gravel grading upward at 50-75 feet above sea 
level into peat-bearing silty clay with well-sorted channel 
gravel, indicating recession of a glacier from the central part 
of the Puget Lowland, (2) the peat-bearing silty clays and 
gravels between about 75 and 130 feet above sea level at 
Possession Point, and between 95 and 150 feet above sea level 
in the Everett Gorge, indicating floodplain sedimentation under 
conditions of physiographic stability, and (3) the coarse, 
cross-bedded sands between 150 feet and the top of the Everett 
Gorge section, indicating aggradation by braided streams, 
probably proglacial. Segments (1) and (3) consist of coarse 
clastic sediments that could have been deposited within a few 
tens or hundreds of years. The fine-textured clastic and organic 
sediments comprising segment (2) doubtless represent a much 
longer period of time, perhaps of the order of one thousand to 
several thousand years as a minimum. The point, mentioned 
earlier, that needs emphasis here is that neither the Everett 
nor Possession Point section is a continuous depositional 
sequence, and that there is no geologic basis for estimating the 
time values of the disconformities that occur at the base of 
each channel gravel sheet. Similarly, the geologic evidence 
proves only that the central part of the Puget Lowland was 
free of ice when the sediments of segment (2) were laid down; 
there is no basis for conclusion as to climatic conditions. It is 
therefore uncertain, on the basis of the geologic relations alone, 
whether the Everett-Possession section represents (a) a major 
interglacial age, or (b) a minor recession and readvance of 
ice during a glacial age (Willis, 1898, p. 150; Bretz, 1913, p. 
174). 


AGE OF THE EVERETT GORGE-POSSESSION POINT SECTION 


The position of the Everett Gorge-Possession Point strati- 
graphic unit in the Pleistocene succession in the Puget Low- 
land is problematic and is not critical for present purposes, 
but evidence bearing on this aspect of the case needs to be 
outlined if only to eliminate a misunderstanding :— 

If only the section in the immediate vicinity of the Everett 
Gorge were considered, the inclination would be to identify the 
advancing glacier suggested by the cross-bedded sand in the 
upper part of the Gorge section with the Vashon till that caps 
the sequence. But the flat-lying sediments at Everett and 
Possession Point form part of the cores of drumloidal hills 


4 
4 
= 

< 

of 


A Pre-Wisconsin Forest Succession 841 


that are veneered by Vashon till, not only on the top but also 
on the flanks, and the till sheet doubtless continues under the 
Puget trough that separates the two localities. As indicated in 
the introduction, this relationship supports Bretz’ view to the 
effect that there was probably a considerable interval of time 
and more or less extensive stream valley cutting between deposi- 
tion of the sediments and emplacement of the Vashon till that 
rests unconformably on them. The “Mid-cliff till” and overly- 
ing glacio-lacustrine sediment at Possession Point are beneath 
this unconformity. 

Wherever the peat-bearing sediments are being eroded by 
waves or rivers at the present time, the beach and stream 
gravels include rounded boulders of compacted peat. The high 
degree of compaction is believed to be due, not to the thin 
mantle of sediments that rest on the peat layers, but to the 
weight of several thousand feet of ice that has covered the 
area subsequent to the deposition of the peat. It is therefore 
significant that, wherever the Vashon till sheet rests on peat- 
bearing phases of the sediments, it includes boulders and sub- 
rounded slabs of peat that evidently were, when incorporated 
in the till, quite as compact as at the present time. The “Mid- 
cliff till” at Possession Point, on the other hand, is locally dis- 
colored and contaminated by the same peaty materials where it 
rests on them, but the till contains no fragments of compacted 
peat. The implication is that the “Mid-cliff till” was formed 
during the glacial age that immediately followed the deposition 
of the peat-bearing sediments, and that the Vashon till, which 
overlies the “Mid-cliff till” unconformably, was formed during 
a glacial age, after the peat beds had been thoroughly com- 
pacted. It follows that if the “Mid-cliff till” ever covered the 
Everett locality, it was removed by erosion previous to 
emplacement of the Vashon till. 

These relations, taken together, indicate that the Everett 
Gorge-Possession Point peat-bearing sediments could not 
have been formed during the interglacial immediately preceding 
the Vashon (Wisconsin) glacial age, but most date from a time 
earlier in the Pleistocene history of the Puget Lowland. 


METHODS AND TECHNIC 

Samples were taken from the exposures at 6-inch intervals 
from the clay and silt strata and other inorganic layers that 
seemed promising for pollen analysis. At least one sample was 
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taken from the thin peat laminae, and if the peat layer was 
3 or more inches thick, several samples were taken. Much of 
the clay-silt strata was brownish in color due to the amount 
of organic material present. Samples for pollen analysis were 
made up for foot intervals in the clay-silt layers, but in the 
peat and more organic-bearing strata, all samples were pre- 
pared and analyzed. Samples were taken at 6-inch intervals in 
the upper Possession Point peat stratum and all of them were 
analyzed for pollen. Samples in the D series in the upper part 
of the Everett section were also prepared and studied, but 
few pollen grains were present, and its pollen profiles are 
omitted. Likewise, levels 1 to 10 and 13 to 26 in the A series 
were found to have insufficient pollen to use for interpretation. 
The pollen profiles for the B and C series, however, represent 
largely consecutive 1-foot horizons with the exception of a few 
at closer intervals in the thicker peat layers. The greatest 
intervals between the pollen profile horizons occur in the lower 
Possession Point strata, where they may be as much as 30 
feet. Actually the pollen profiles represent some 150 feet of 
sediments (fig. 1). 

In the preparation of the sediments for pollen analysis, 
those containing a high fraction of inorganic matter were 
treated with commercial hydrofluoric acid to remove at least 
the siliceous elements. This tended to concentrate the limited 
number of pollen grains where necessary, and also made iden- 
tification easier. Samples of the pollen-bearing silts and clays 
were first agitated vigorously in water, then washed and 
decanted several times to remove the coarser particles. About 
+ cc. of the remaining residue was immersed in hydrofluoric 
acid to a depth of 2 inches in a paraffin-coated paper cup. 
The samples were left in the acid for several days, the length of 
time depending upon the amount of silt present, and then 
washed until all traces of the acid were removed. The remaining 
residue, now brown as a result of the concentration of the or- 
ganic material, was boiled for 10 minutes in a weak potassium 
hydrate solution with a few drops of gentian violet stain. If 
all of the acid was not removed, the gentian violet turned 
green and did not seem to stain the pollen grains. The residue 
was then washed through a fine-mesh tea strainer, centrifuged, 
and mounted in warm glycerin jelly. The brown peat was not 
treated with hydrofluoric acid, but a stronger solution of 
potassium hydrate was used and it was necessary to boil the 
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sample for at least 20 minutes in order to effect deflocculation. 
An enormous amount of pollen was present in the peat strata, 
probably as a result of the compaction caused by the overlying 
sediments. The weight of the overlying sediments, however, 
apparently caused many of the pollen grains to be crushed and 
broken, which may have been augmented by the rigorous treat- 
ment in the preparation of the samples for microscopic analysis. 

One hundred or more pollen grains were identified from each 
level represented in the pollen diagrams. Pollen of lodgepole 
pine (Pinus contorta) and western white pine (P. monticola) 
were separated by the size-range method (Hansen, 1947a). 
Mountain hemlock (T'suga mertensiana) pollen was readily 
separated from that of western hemlock (T'. heterophylla) by 
the presence of air bladders on the former. Pollen of Douglas 
fir (Pseudotsuga tavxifolia) is distinct from that of any other 
forest tree in the Pacific Northwest and offers no difficulty in its 
identification, even when broken. An attempt was made to sepa- 
rate the species of Abies by the size range method, but as there 
is considerable overlap in their size ranges, and so many of the 
grains were broken, only subalpine fir (A. lasiocarpa) was 
separated with a feeling of any degree of accuracy. The other 
fir pollen could conceivably represent grand fir (A. grandis), 
silver fir (4. amabilis) and noble fir (4. procera). They are 
spoken of collectively as balsam fir in the interpretation of 
their pollen profiles. Spruce pollen was identified as largely 
that of Sitka spruce (Picea sitchensis), although it is possible 
that Engelmann spruce (P. engelmanni) may be represented, 
especially during the cooler periods of the time recorded by 
the pollen profiles. In addition to that of conifers, pollen of 
alder, willow, ericads, grass, composites, cattail, and sedges 
were noted, while spores of ferns and mosses were present. The 
non-coniferous pollen, however, was scanty, and probably 
largely destroyed by the compaction of the sediments and the 
harsh preparation methods. In the upper stratum at Possession 
Point, leaves of sphagnum moss were noted, but in general, 
the vegetative structures were indistinguishable due to crushing 
by the overlying sediments and the rigorous treatment in 
preparation of the samples. 


INTERPRETATION OF THE POLLEN PROFILES 


According to the stratigraphic relationships (Mackin) the 
composite sedimentary column of the Possession Point and 
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Everett sections may be considered to represent three chron- 
ological units of an interglacial stage. Interpretation of the 
pollen profiles, however, can best be treated in five segments, 
the P1-4 and P5-15 of the Possession Point sediments, and 
the A, B, and C series of the Everett section. The Possession 
Point pollen-bearing segments are separated by inorganic 
strata and thus do not constitute a continuous record of 
forest succession, while the sharp breaks in the pollen profiles 
from the Possession Point P5-15 to the A series of the Everett 
section and in turn from the A to the B series of the latter, 
indicate that a hiatus also is present between these segments. 
The B and C series of the Everett sequence apparently record 
continuous forest succession. The relative chronological posi- 
tion of the recorded forest sequence in each of the sedimentary 
segments, as well as the continuity of the forest succession 
of the composite sedimentary column, may be interpreted upon 
the basis of the postglacial forest succession recorded in many 
peat sections in the Puget Lowland (Hansen, 1938, 1940, 1941, 
1943, 1947a, 1947b). These pollen-bearing sediments undoubt- 
edly record a continuous forest succession trom the time of 
retreat of the Vashon (Late Wisconsin) ice to the present, 
largely in response to climatic trends and soil development. 

In the lowest and oldest pollen-bearing segment, P1-4 of the 
Possession Point sediments, lodgepole is recorded as the pre- 
dominant species in adjacent areas, with proportions ranging 
from 78 to 61 per cent with an average of 68 per cent (fig. 
2). White pine with 4 to 25 per cent and an average of 14 
per cent, and spruce with 8 to 16 per cent and an average 
of 13 per cent, are the next most abundant, while other 
species are sparsely and sporadically recorded. The pre- 
dominance of lodgepole suggests an early interglacial forest 
sequence under unstable physiographic and edaphic condi- 
tions in the wake of retreating ice. White pine and spruce 
denote a cool and perhaps moist climate. The almost com- 
plete recorded absence of Douglas fir and western hemlock 
further supports the inference of an initial forest stage under 
a cool climate and on recently deglaciated, sterile, mineral 
soil. In ten postglacial peat sections in the Puget Lowland, 
lodgepole is recorded to an average of 74 per cent in the 
lowest level, while white pine, the next most abundant, attains 
an average of 17 per cent (fig. 5). Douglas fir and western 
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hemlock average only 1 per cent. It is believed that lodgepole 
existed close to the ice front, and was able to invade deglaciated 
terrain almost immediately in the wake of the retreating ice, 
and thrive until physiographic and edaphic stability had been 
attained and sufficient time had elapsed for migration of 
Douglas fir and hemlock. The last two species, having a greater 
longevity, being of greater stature, and more tolerant of 
shade, gradually replaced the initial lodgepole pine forests. 
The occurrence of inorganic strata between the lower 
pollen-bearing segment (P1-4) and the upper (P5-15) in the 
Possession Point section, denotes a time interval of unknown 
magnitude between the two forest stages represented in the 
pollen profiles. The pollen profiles themselves also reflect a 
chronological hiatus, perhaps several hundred years. The 
period was long enough, however, to result in a decline of 
lodgepole from 61 per cent in the uppermost level of the P1-4 
series to only 16 per cent in the lowest horizon of the P5-15 
series (fig. 2). On the other hand, the balsam fir complex and 
western hemlock made significant .gains, increasing from a few 
per cent to 46 and 12 per cent respectively in the P5 horizon. 
Other significant changes include expansions of subalpine fir 
and mountain hemlock, while white pine and spruce show 
declines. As the 11 horizons of the P5-15 series were taken at 
six-inch intervals in a compacted peat stratum, apparently 
deposited under normal hydrarch succession, they probably 
represent a continuous forest sequence. The decline of lodge- 
pole and white pine and the rise of hemlock and fir suggest 
amelioration of the environment, as the influence of the retreat- 
ing glacier become more remote. The increase of montane and 
subalpine species does not fit into such a picture, however, 
unless their increase denotes their presence in ice-free areas at 
higher altitudes from which pollen drifted down to the accu- 
mulating organic sediments. The recorded absence of Douglas 
fir is somewhat anomalous in the light of postglacial forest 
succession in the Puget Lowland, in which Douglas fir super- 
seded lodgepole fairly early and became predominant in 
the region long before western hemlock had begun to expand 
significantly (figs. 4 and 5). Also the presence of lodgepole 
and hemlock in abundance in the same region suggests a series 
of local areas of diverse environment, particularly soil condi- 
tions, as hemlock requires humus for its best development, 
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while lodgepole will thrive under poor soil conditions. Their 
contemporary records may reflect the presence of floodplain 
areas still under disturbance or mature bog surfaces support- 
ing local forests of lodgepole, and other more edaphically ma- 
ture areas favorable for western hemlock. With respect to 
trends, lodgepole and white pine generally increase upward in 
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Fig. 2. Pollen diagrams of Possession Point section. The horizons of 
the PI-4 series are spaced at greater intervals to indicate greater thickness 
and longer time interval. 


the section, hemlock expands to a maximum of 20 per cent 
then declines, while white fir declines to a low of 23 per cent 
at the top (fig. 2). In general, the abundance of western 
hemlock and white fir suggests the waning influence of glacia- 
tion, white pine and lodgepole pine forests suggest local areas 
of disturbance and mineral soil, while mountain hemlock and 
subalpine fir denote favorable local ateas possibly at greater 
altitudes, but in sufficient proximity to be significantly recorded 
by their pollen. 

According to the stratigraphic relationship (Mackin) the 
P5-15 segment of Possession Point series, may be in part con- 
temporaneous with or predate the A series of the Everett 
section. In either case, the pollen profiles of the former may 
portray a local forest sequence, as suggested by lodgepole 
and western hemlock co-abundance. The A series may well 
represent the later stage of a regional Douglas fir-hemlock 
forest which developed under increasingly stable conditions. 
This is evidenced by a maximum of 27 per cent for Douglas 
fir at the lowest horizon and its decline to nothing in the upper 
level, and high predominance of hemlock with an average of 


over 52 per cent (fig. 3). If the high proportion of lodgepole 
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pine in the Pl-4 unit represents a regional predominance 
during the early stages of the recorded interglacial in the 
Puget Lowland, then sufficient time must have elapsed between 
the deposition of the P1-4 levels and the A series to permit the 
development of a lodgepole-Douglas fir forest and its replace- 
ment by Douglas fir-hemlock, the last phase of which is 
recorded in the A series. The maximum Douglas fir expansion 
must have occurred during the period represented by the 
lower, inaccessible portion of the Everett section. This theory 
is supported by the fact that more than 50 per cent of the 
pollen identified in the lower part of the A series was that of 
Douglas fir, but the pollen count was insufficient to warrant 
a reliable index to adjacent forest composition. That Douglas 
fir may have attained high proportions during the chrono- 
logical gap in the record, is further supported by its average 
maximum of 62 per cent in ten postglacial sections in the 
Puget Lowland (fig. 5). This suggests that Douglas fir had 
already passed its peak of interglacial expansion and had 
been largely replaced by hemlock at the time represented by 
the A series. 

The present successional relationships of Douglas fir and 
western hemlock in the Puget Lowland reveal that Douglas fir 
is a subclimax species that thrives and persists as a result of 
clearing or burning of the climax forest. If a forest is undis- 
turbed by fire, disease, or cutting for five or six centuries, 
Douglas fir is almost entirely replaced by western hemlock and 
other climax dominants (Munger, 1940). In postglacial forest 
succession hemlock was not able to supersede Douglas fir until 
perhaps about 4,000 years ago, when the climate became cooler 
and moister after the climatic maximum between 8,000 and 
4,000 years ago (fig. 5) (Hansen, 1947). The interval between 
deposition of the P1-4 and the A series then, may represent the 
time involved in the development of Douglas fir predominance 
and its almost complete replacement by a forest of almost 
pure western hemlock. In postglacial time, the expansion of 
Douglas fir to its maximum average of 62 per cent and its 
decline to a point of hemlock predominance is thought to 
have required perhaps 15,000 years. It is evident, though, that 
expansion of hemlock under normal forest succession was de- 
ferred by perhaps 6,000 years because of increasing warmth 
and dryness to a degree that was unfavorable for it. This warm, 
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dry interval was also more favorable for periodic fire, which 
undoubtedly helped Douglas fir to persist as the predominant 
species. The entire forest sequence of the present study indi- 
cates that a moister climate prevailed which may have limited 
the extent and frequency of forest fires. This permitted forest 
succession to reach a climax of hemlock-balsam fir, with spruce, 
white pine, and lodgepole occupying favorable local sites, while 
Douglas fir had entirely disappeared from sites within range of 
pollen dispersal. The total absence of Douglas fir pollen is pecu- 
liar, as it seems unlikely that a species as aggressive and hardy 
as Douglas fir could not have survived on local sites, unless 
it was entirely destroyed in the region by disease. 

A time interval of significant magnitude but probably not 
so great as above is also indicated between the A and B series 
of the Everett section, by a disconformity (fig. 1). An un- 
recorded interval is also indicated by the pollen profiles, chiefly 
by an increase of balsam fir from 1 per cent at the top of the A 
series to 43 per cent in the lowest horizon of the B series (fig. 
3). Balsam fir maintains high proportions throughout the 
series, denoting that this expansion was for an appreciable 
period of time as well as regional. A time lapse of significant 
magnitude is further supported by an abrupt decline of western 
hemlock from 49 per cent at the top of the A series to 16 per 
cent at the bottom of the B series, although there are fluctu- 
ations almost as great within the B series from one level to the 
next. Although hemlock declines from an average of 52 per 
cent in the A series to about 30 per cent in the B series, it 
remains more abundant than lodgepole which shows a significant 
increase with an average of 13 per cent as compared to less 
than 6 per cent for the A series (fig. 3). Balsam fir averages 
over 31 per cent and attains a maximum of 50 per cent. Spruce, 
subalpine fir, and mountain hemlock all show increases in the 
B series, with averages of 9, 13, and 7 per cent respectively. 
Again the total absence of Douglas fir pollen is strange, as it 
seems unlikely that this species was entirely absent in the 
region. In general, the pollen profiles of the B series denote a 
slight deterioration of the climate, with greater areas favorable 
for lodgepole, perhaps representing mature bog surfaces. The 
significant expansion of the balsam fir complex suggests the 
expansion of noble and silver fir in montane areas, while grand 
fir may have prospered in the absence of Douglas fir on flood- 
plain areas. 
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Fig. 3. Pollen diagram of the Everett section. Thickness of pollen- 
bearing series shown on right of pollen profiles. 


The pollen profiles indicate that the B and C series of the 
Everett section represent a continuous forest sequence. The 
pollen proportions for all species are almost the same in 
the upper level of B and lower level of C (fig. 3). During the 
interim represented by series C, lodgepole gradually increased, 
hemlock gradually declined, while balsam fir maintained a 
lower average than in the B series (table 1). White pine 
also is stronger, with a slightly higher average than below. 
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The average for lodgepole increases to 27 per cent, its highest 
since the lower Possession Point unit, white pine increased to 
9 per cent, and hemlock declined to 25 per cent and white fir 
to 19 per cent. The complete absence of Douglas fir pollen 
is again significant. Spruce, mountain hemlock, and subalpine 
fir all declined in the C series, recording substantially lower 
averages (table 1). In general, the pollen profiles of the C 
series reflect a deterioration of climate and increasing physio- 
graphic and edaphic instability, perhaps in response to an 
approaching glacial influence. The decline of montane and 
subalpine species may reflect the expansion of mountain gla- 
ciers and the continental ice, narrowing the zone available for 
them. The increase of lodgepole suggests both cooling of the 
climate and expansion of terrain suitable for its colonization, 
although a decline of hemlock may also record merely a rela- 
tive increase in the amount of lodgepole. Also continued devel- 
opment of mature bog surfaces and unstable sand dunes may 
have favored lodgepole expansion. 

As mentioned above, the paucity of pollens in the D series 
of the Everett section prevents projection of interpreted for- 
est succession above and later than the C series. However, it 
should be mentioned that in each of the 9 horizons analyzed, 
over 50 per cent of pollen observed was that of lodgepole, and 
in one horizon as many as 47 pollen grains were counted, with 
65 per cent being lodgepole. Upon this basis, it would seem 
reasonable to conclude that lodgepole continued to increase 
upward in the D series, strongly supporting the inference of an 
accelerating glacial influence. 


Taste 
Ranges and Averages of Pollen Proportions in Per Cent 


P1-4 P5-15 A. series B series C series 

SPECIES Range Ave. Range Ave. Range Ave. Range Ave. Range Ave. 
Lodgepole pine ... 61-78 68.0 16-34 24.6 2-10 58 2-30 13.1 7-45 27.0 
Westernhemlock . 0+ 12 2-20 88 43-62 523 16-43 29.4 16-48 25.0 
White pine ....... 425 142 0-19 103 2-12 70 1-12 50 218 9.1 
Balsam fir ....... 24 2.5 23-50 361 1-12 3.1 18-50 314 11-31 19.2 
Mountain hemlock 0-1 — 28 48 1-10 45 1-24 75 O12 40 
Subalpine fir ..... _ — 221 102 3-12 70 211 1833 1-14 56 
Sitka spruce ..... 8-16 130 O12 2.7 1-16 57 317 93 O12 4.0 


Douglas fir ...... 04 10 O2 05 O27 9.0 _-_ — — 
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CLIMATE AND CHRONOLOGY 


The total period of time represented by the composite pollen 
profiles can be only estimated. The interval as interpreted from 
the pollen profiles themselves must be estimated upon the basis 
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Fig. 4. Pollen diagram of postglacial peat section from bog near 
Granite Falls, about 15 miles northeast of the Everett section. Pollen pro- 
files are typical for postglacial forest sequences in the Puget Lowland. 


of the forest succession portrayed and the time required for 
it, as measured by postglacial forest succession and present- 
day successional relationships of the species concerned. The 
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Fig. 5. Average pollen profiles of four principal forest trees from ten 
Puget Lowland postglacial sedimentary columns, most of them within a 
radius of 50 miles from the Everett section of this study. 


thickness and type of organic sediments also provide a clue 
as to the chronology denoted by the recorded forest sequences. 
The depositional rate of postglacial pollen-bearing sediments 
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may serve as a yardstick, because they are probably a con- 
tinuous depositional series for a time interval which can be 
fairly reliably estimated. The texture, structure and thickness 
of the interbedded inorganic strata also denote relative rates 
and time required for deposition. The chronological gaps that 
may exist between the sedimentary units can be estimated by 
projecting a complete, hypothetical forest succession during 
an interglacial stage. It must be largely assumed that such an 
interglacial forest sequence occurred in response to progressive 
modification and amelioration of the environment, both edaph- 
ically and climatically, to a degree of maximum favorability 
as the glacial influence became more remote and finally dis- 
appeared. With the approach of another glacial stage, deteri- 
oration of the climate began, followed by periods of physio- 
graphic instability at progressively closer intervals as the ice 
sheet expanded. How long the climatic maximum persisted and 
the environment remained generally stabilized is conjectural 
because of the breaks in the record. At present, the climate 
of the Puget Lowland would seem to be close to a postglacial 
maximum as far as the climax species present are concerned, 
which are essentially the same as recorded in the sediments of 
this study. 

The P1-4 unit from the lower Possession Point section 
denotes a much longer period of time than the four pollen- 
bearing horizons would indicate. The samples were taken at 
10 to 20 foot intervals from 2-4 inch peat layers in a section 
of inorganic sediments about 70 feet thick (fig. 1). A recorded 
decline of lodgepole from 78 to 61 per cent is not indicative 
of a long time lapse in terms of postglacial forest succession. 
However, the interbedded inorganic members suggest a period 
of. physiographic instability prolonged by slow ice retreat, 
perhaps from 2,000 to 3,000 years in duration. The climate 
was probably cool and moist. 

The P5-15 pollen-bearing unit of Possession Point is a 5-foot 
peat bed of almost pure, fibrous, compacted peat, which repre- 
sents a long period of deposition with at least local physio- 
graphic stability. The dense character of the peat suggests 
compaction to a thickness of only one-third of that of post- 
glacial peats in the Puget Lowland. The average rate of deposi- 
tion for 30 postglacial, pollen-bearing sedimentary columns in 
Washington and Idaho has been computed at about 2,500 
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years per meter. Applying this rate, an interval of 8,000 to 
10,000 years may be represented by the P5-15 peat section. 
The decline of lodgepole from an average of 68 per cent in 
P1-4 to only 25 per cent in P5-15, and an increase of western 
hemlock from 1 to 9 per cent and balsam fir from 2.5 to 36 
per cent denote some amelioration of the environment. On the 
basis of postglacial forest succession an interval of 2,000 years 
is assigned to the gap between the lower and upper Possession 
Point pollen-bearing units. However, as the stratigraphic rela- 
tionships suggest that the P5-15 unit predates or is concurrent 
with part of the A series, and the pollen assemblage may not 
depict a regional forest sequence, the interim of 8,000 to 
10,000 years can hardly be fitted into the total interglacial 
chronology. 

If it is assumed that a regional forest of Douglas fir largely 
replaced lodgepole as it did in the Puget Lowland during the 
Postglacial, then the forest successional gap between P1-4 and 
the Everett A series might better provide a chronological 
segment of the interglacial. This method of interpretation 
requires an estimate of the interval involved for the replace- 
ment of lodgepole by Douglas fir, development of Douglas 
fir and western hemlock co-abundance, and decline of Douglas 
fir and its complete replacement by hemlock. During the Post- 
glacial, it apparently required about 8,000 years for Douglas 
fir to attain its maximum after deglaciation and 6,000 years 
more for hemlock to supersede Douglas fir (fig. 5). As men- 
tioned above, however, the warm dry, postglacial maximum 
probably deferred normal replacement of Douglas fir by hem- 
lock. On these bases the interval from P1 to the top of the 
A series is estimated from 10,000 to 12,000 years. The pollen 
profiles of the A series with an average of 52 per cent for 
hemlock, would seem to depict the period of maximum warmth 
and physiographic stability for the entire interglacial stage. 

A chronologic hiatus of perhaps 2,000 years may be 
present between the pollen profiles of the A and B Everett 
series, primarily denoted by an expansion of balsam fir from 
almost nothing to 44 per cent. The organic laminae them- 
selves contain a high inorganic fraction, and it can be presumed 
that deposition was rapid, although there was little or no 
change in forest composition during this stage. The pollen 
profiles of the B series include about 30 feet of sediments, with 


| 


854 Henry P. Hansen and J. Hoover Mackin 


the organic strata interbedded in clays, silts, and sands. A 
figure of 3,000 years is set for the interval represented by the 
B series. The relative trends of lodgepole and hemlock suggest 
the beginning of physiographic and edaphic instability. In- 
crease in spruce, subalpine fir, and mountain hemlock sug- 
gests cooler and moister climate, which may reflect an ap- 
proaching glacial influence. 

The C series pollen-bearing strata are interbedded in about 
30 feet of sediments, becoming progressively coarser upward. 
Being of equal thickness as the B series, but of texture and 
structure signifying more rapid deposition, the time inter- 
val is estimated at about 2,000 years. A sharp expansion of 
lodgepole and decline of hemlock suggest increased physio- 
graphic instability over that portrayed by the B series, and 
is strongly indicative of a more proximal glacial influence, 
while an increase in white pine connotes a cooler climate. 
Almost total absence of pollen in sediments above the C series 
may indicate destruction of forest by approaching ice, both 
directly and through physiographic influence. However, 100 
| feet of sediments, some fine, between the C series and the top of 
the section may represent at least 1,000 years of time. 

The total time represented by the composite pollen profiles, 
the inorganic sediments, and the breaks between the several 
units may be from 16,000 to 20,000 years. Postglacial pollen- 
bearing sections are estimated at about 18,000 years, which 
record forest succession from the pioneer lodgepole pine to 
the present Douglas fir-hemlock forests that existed when 
white man first appeared. How long the present period of 
apparent maximum favorability for Douglas fir and hemlock 
will persist is difficult to say. On the basis of overall trends and 
long-range cycles, slight deterioration of the climate has been 
in progress for the last few thousand years, as evidenced by 
pollen profiles of peat sections from eastern North America 
and Europe (Hansen, 1947a). 

There is no evidence in the several pollen-bearing units of 
this study for a period of warmth and dryness to the degree 
reflected in Pacific Northwest postglacial profiles. In general, 
they suggest a cooler and moister climate throughout the 
time represented than now exists. The hemlock maximum in 
the Everett A series probably represents a period of optimum 
favorability for the development of the climax forest, and the 
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climate of this interval may have been somewhat similar to 
that of today, but with more moisture. The concurrence of 
lodgepole and western hemlock throughout, because of their 
different ecological requirements, suggests either a constant 
disturbance factor in local areas favorable for lodgepole, such 
as floodplains, sand dunes, or mature bog surfaces, and sta- 
bilized upland areas favorable for hemlock and balsam fir. 
The sustained high proportions of hemlock throughout suggest 
that the period represented was an interglacial stage of sig- 
nificant magnitude, rather than a temporary retreat of a 
minor stage. The stratigraphic relationships show that it was 
earlier than the interglacial immediately preceding the Vashon 
(Late Wisconsin) stage in the Puget Lowland. 
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RADIUM CONTENT OF ULTRAMAFIC 
IGNEOUS ROCKS: 


II. GEOLOGICAL AND CHEMICAL 
IMPLICATIONS 


G. L. DAVIS ann H. H. HESS 


ABSTRACT. Results of recently published measurements of the radium 
content of some ultramafic igneous rocks and of the constituent minerals 
are used to demonstrate the relationship of decreasing radium (and ura- 
nium) content with increasing mafic character of rocks. The probable redis- 
tribution of uranium during partial fusion, crystallization, and alteration 
is considered. It is shown that in ultramafic rocks the radium is probably 
present in impurities that represent less than one per cent of the rock 


and are the consolidation products of the residual solution. The causes of 
contamination are discussed. 


INTRODUCTION 
HIS series of studies was undertaken to obtain basic infor- 
mation on the radium and uranium distribution in igneous 

rocks, particularly in those rocks of ultramafic composition 

for which few reliable data were available. The results of the 
laboratory investigation have been presented in this JourNat 
by Davis (1947). Various lines of evidence indicate that the 
ultramafic rocks make up a large part of the interior of the 

Earth. The only means available to estimate the radioactivity 

of the interior and its effect on thermal conditions is by 

anology with ultramafic intrusives and with meteorites. The 
results of measurement on some meteorites will be reported in 

Part III of this series. 

There are included here, in the form of an appendix, petro- 
graphic descriptions of the rocks examined. This has been 
done because in examining results of previous investigators 
there has been considerable uncertainty concerning the identity 
and history of the materials measured. 

Throughout this paper the radium concentrations will be 
expressed in terms of the customary unit, 10°" gram per gram 
of rock and uranium concentrations in units of 10° gram per 
gram of rock. The uraniuin in equilibrium with a given radium 
concentration can be found by dividing the latter by 3.4 x 107. 


CLASSIFICATION OF ULTRAMAFIC IGNEOUS ROCKS 

For convenience and correlation with previous discussion 
the ultramafic rocks are here divided into three groups based 
on the ideas advanced by Hess (1938), which postulated that 
certain of them were the product of a primary peridotite 
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magma.’ For practical purposes the division of ultramafic 
intrusives into three groups as given below is satisfactory 
regardless of the validity of the hypothesis of an ultramafic 
magma, since the three have distinctive chemical and miner- 
alogical differences as well as differences in field (genetic) 
relationships. 

1. Ultramafic Rocks of the Basaltic Magma Suite (Crystal 
Accumulates). Almost all petrologists are in agreement on 
the origin of this group of ultramafic rocks which are clearly 
differentiates of a basaltic magma. In these rocks the settling 
or accumulation of early formed crystals of olivine, pyroxene, 
and subordinate chromite to form ultramafic differentiates has 
been demonstrated in many cases. The ultramafics of the Still- 
water and Bushveld complexes are probably the most striking 
examples. Some specimens from these intrusions have been 
used for the present investigation. 

2. Ultramafic Rocks of the Secondary Peridotite Suite. 
Within the Bushveld and Stillwater complexes, pipes or irregu- 
lar pseudo-intrusions of ultramafic igneous rocks, commorly 
dunitic in composition, cut across the ultramafic crystal accu- 
mulates. Hess (1938) suggested that these bodies represented 
magmas formed by partial melting of the crystal accumulates. 
Bowen’s and Tuttle’s (1949) more recent explanation that 
they represent a hydrothermal or pneumatolytic reconstitution 
of the crystal accumulates by action of volatiles, principally 
H20, seems to be a much more satisfactory explanation. Four 
determinations on specimens from this group have been made. 

1 Hess believes that the field evidence requires introduction of these 
ultramafic igneous rocks as fluid bodies. The chemistry which he suggested 
for such magmas has been demonstrated by Bowen and Tuttle (1949) 
to be not possible or at best very unlikely. Several investigations have 
suggested the introduction of these bodies by solid flow. It cannot be 
denied that such materia] will flow under intense deformation and certain 
cases of it have been demonstrated. This, however, cannot be a general 
solution of the problem, since many are intruded at shallow depth into 
weak and into relatively undisturbed sedimentary rocks. The strength 
of serpentine is somewhat greater on the average than limestone, so that 
if intrusion by solid flow were a valid mechanism, limestone intrusions 
would also be common, which is certainly not the case. It would appear 
that a further search for a chemical basis for an ultramafic magma is 
in order. The whole problem needs a restatement, which is outside the 
range of this paper, but will be considered at a later time. While it is 
assumed throughout this paper that ultramafic magmas did exist, it must 


be borne in mind that this is an assumption with which certain com- 
petent investigators would disagree. 
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3. Ultramafic Intrusives of the Primary Peridotite Suite. 
This is the group of ultramafic intrusives which are found 
along the major axes of island ares and alpine mountain belts 
and which are considered by Hess to represent a primary 
peridotite magma. The bulk of the specimens examined in the 
present investigation come from this group. The majority of 
them are more or less serpentinized. 


CONCENTRATION OF RADIUM IN IGNEOUS ROCKS 


For purpose of comparison the approximate average values 
for the radium content of various igneous rock categories are 
given below in table 1. 


TABLE 1 


Radium Concentration in Igneous Rocks 
Rax 10-12g./g. U x 10-6g./g. 
3.0 


Felsic Igneous Rocks 1.0 i 
Intermediate Igneous Rocks 0.5 1.5 
Mafic Igneous Rocks 0.2 0.6 
Ultramafic Igneous Rocks* 0.01 0.03 
Meteorites 0.001 0.003 


* Including serpentinites 


The rapidly decreasing content of radium with increasingly 
mafic character of the rocks is clearly demonstrated. This 
relationship is a function of the geochemistry of uranium, the 
parent element of radium. During magmatic differentiation 
uranium is strongly concentrated in the residual liquids, as 
indicated by the fact that primary igneous occurrences of 
uranium minerals are generally associated with granitic peg- 
matites or hydrothermal veins. Uranium is apparently ex- 
cluded from the crystal structures of such early formed 
minerals as olivines, pyroxenes, spinels, plagioclases, etc.? The 
distribution indicated in table 1 is not entirely to be attributed 
to magmatic differentiation but equally to the more or less 
reciprocal process of partial fusion by which the primary 
magmas probably are generated. In this process uranium 
might be expected to be concentrated in the earlier products 
of partial fusion, whereas the early formed minerals mentioned 
above would be among the last to enter the liquid. Thus, for 
example, a magma generated by the fusion of one-third of 


*Uranium at high temperature will probably have a valence of four 
(Tomkeieff, 1946). The radius of U* is given as 0.97A. Though its size 
is such that it might replace Ca** or Na*? in a structure it requires eight- 
fold co-ordination with oxygen atoms and no such positions are available 
in the structures of these minerals. 
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the bulk of a basaltic igneous rock might contain virtually 
all of its uranium but very little of its magnesian silicates. 


CONCENTRATION OF RADIUM IN VARIOUS CATEGORIES 
OF ULTRAMAFICS 


Three typical examples of ultramafics formed by accumula- 
tion of early crystals from a basaltic magma were analyzed 
for radium and the results appear in table 2 below. The 
radium concentration is close to 0.01 unit and amounts to 
about 5% of the concentration to be expected in the average 
basaltic magma. In view of the location of the parent uranium 
in these rocks, it may be that an occasional atom of uranium 
was mechanically incorporated in cavities or imperfections 
in the crystal structures of the early formed olivine, pyroxene, 
and chromite. But it seems more probable that most, if not all 
of it, was contained originally in the small amount of inter- 
stitial liquid trapped between accumulated crystals. In an as 
yet unpublished study of the Stillwater Complex, Hess has 
found that the interstitial liquid in the crystal mush on the 
floor of the magma chamber amounts to about 28% of the 
volume of the mush as it accumulates. So long as intercon- 
necting channels exist between this pore-space liquid of the 
mush and the overlying magma, diffusion of ions from the pore 
space to the overlying magma and from the magma to the 
pore space will take place. This permits continued growth of 
the crystals with decrease of volume of the pore-space liquid 
until the interconnecting channels become closed. The point at 
which this occurs is estimated to be as high as 10% pore-space 
liquid remaining in some cases to as little as 1% in others, 
with an average in the neighborhood of 3%. From these very 
rough figures it may be seen that the amount of uranium in 
the rocks is of the order of magnitude to be expected if it 
represented the uranium contained in the final small residuum 
of trapped basaltic liquid. 

TaBLe 2 
Ultramafic Rocks of the Basaltic Magma Suite 
(Crystal Accumulates) 


Wet. % Loss 
Specimen No. Rock Type Locality at1000°C. Rax10-12g./g. 
Bronzitite Bushveld Complex 0.5 0.010 
Bronzitite StillwaterComplex 0.5 0.007 
Harzburgite Stillwater Complex 5.6 0.014 


Average 0.010 
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The weight loss at 1000°C. represents essentially the per- 
centage of water present in the original rock. If these figures 
are used to estimate water content they may be slightly low 
as a result of some increase in weight from oxidation of fer- 
rous iron. The radium content of the rocks of table 2 is 
very low but is about twice that of those rocks of the Primary 
Peridotite Suite (table 4) of comparable water content. 
The results for four specimens from the so-called Secondary 
Peridotite Suite given in table 3 average about the same in 
radium content as those of the group already discussed—the 
crystal accumulates. The process by which this group was 
derived from the primary ultramafics does not seem to have 
affected the radium content very much. In the four specimens 
analyzed there is a direct correlation between Mg:Fe ratio of 
the olivine and radium content. It is rather surprising that 
the more iron-rich the olivine the lower is the radium in the 
rock, because in general the parent element uranium is con- 
centrated with the lower melting or later crystallizing phase, 


TaBLe 3 


Ultramafic Rocks of the Secondary Peridotite Suite 


Speci- Rock Composition Wgt.% Loss Rax 10-12 
men No. Type Locality of Olivine at 1000°C. g-/g- 

P-403 Dunite Onverwacht Pipe Fo,, 0.5 0025 

a P-400 Dunite Mooihoek Pipe Fo., 0.5 .006 

; P-401 Dunite Driekop Pipe Fo,, 0.5 .0097 

¢ P-364 Dunite Stillwater Complex Fo,, | 4.6 015 
P-400, 401,403 Bushveld Complex Average 


in this case the more iron-rich olivine. The explanation prob- 
ably lies in the fact that these rocks are not crystallization 
products of a magma, but may represent pneumatolytic alter- 
ation products of an already crystalline mass (Bowen and 
Tuttle, 1949). One might suppose that the streaming of water 
vapor through the crystalline mass may have removed certain 
materials, such as SiOz and MgO, so that the farther the 
process went the greater the enrichment in the component 
stable in this environment, namely Fe2SiOs. It would appear 
also that uranium present in the original mass was preferen- 
tially carried away by the vapor or volatile phase, to explain 
the present decrease in radium content with increasing iron. 
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TaBLe 4 


Radium Content of Rocks of the Primary Peridotite Suite 
% Wet. 

Speci- Loss Rax 10-12 
men No. Rock Type Locality 1000°C.  g./g. 
P-140 Dunite Balsam Gap, N. C. : 0.0042 
P-186-7 Dunite Balsam Gap, N. C. r 0.0031 
P-357 Dunite Dun Mt., New Zealand J 0.002 
P-145 Dunite Twin Sisters, Washington 0.008 
P-391 Dunite Addie, N. C. 0.007 
P-369 Websterite Webster, N. C. id 0.003 


0.0046 


Partially serpen- Margarita Island, Venezuela 0.006 
tinized dunite 

Partially serpen- Belvidere Mt., Vt. 0.004 
tinized dunite 


Partially serpen- Thetford, P. Q. a 0.004 
tinized dunite 


Partially serpen- Belvidere Mt., Vt. 9.7 
tinized dunite 


Average 0.005 


Serpentinite Tagil, Urals, USSR 10.1 0.017 
Serpentinite Thetford, P. Q. 108 0.011 
Serpentinite Saranovsk, Urals, USSR 11.9 0.020 
Serpentinite Thetford, P. Q. 12.0 0.013 
Serpentinite Geiger’s Quarry, 13.2 0.016 
Octararo Cr., Pa. 
Serpentinite Newfoundland 13.2 0.013 
Serpentinite Tagils, Urals 14.5 0.020 
Serpentinite Thetford, P. Q. 148 0.019 
Serpentinite Camaguey, Cuba 163 0.017 


Average 0.016 


The variation in radium content of the primary peridotite 
suite, exhibited in table 4, is much smaller than was antici- 
pated in view of the large variation in water content, which 
ranges from almost zero to more than 16% by weight. As 
can be seen in table 4 there is a general relationship between 
water content, as indicated by loss of weight on heating to 
1000°C., and radium content. The present number of analyses 
suggest that it is not a simple relationship. There seems to be 
a division approximately at 10% weight loss above and below 
which the relationship is somewhat different. For those in the 
group with less than 10% loss, the values are all small and 
show no clear-cut variation. For the group with greater than 
10% loss, there appears to be a direct increase of radium with 


Average 
P-275 
P-307 
P-272 
P-324 
P-270 
P-271 
q P-141 
P-363 
P-273 
P-325 
P-263 
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water‘content if the results are considered by geographic areas 
(table 5). For the Northern Appalachian Province the 
results seem to be convincing, but more analyses from other 
provinces are necessary to establish this point. 


TABLE 5 
Primary Peridotite Suite Arranged by Geographical Division 
% Wet. 
Speci- Loss Rax 10-12 
men No. Rock Type Locality 1000°C.  g./g. 
Northern Appalachian Province 
P-307 Partially serpen- Belvidere Mt., Vt. 6.2 004 
tinized dunite 
P-320 Partially serpen- Thetford, P. Q. 7.1 004 
tinized dunite 
P-318 Partially serpen- Belvidere Mt., Vt. 9.7 .006 
tinized dunite 
P-324 Serpentinite Thetford, P. Q. 10.8 Ol 
P-271 Serpentinite Thetford, P. Q. 12.0 013 
P-363 Serpentinite Newfoundland 13.2 013 
P-141 Serpentinite Geiger’s Quarry, Pa. 13.2 .016 
P-325 Serpentinite Thetford, P. Q. 14.8 019 


Urals Province 


P-269 Chromite Ore Saranovsk, Urals — 016 
P-272 Serpentinite Tagil, Urals 10.1 017 
P-270 Serpentinite Saranovsk 11.9 .020 
P-273 Serpentinite Tagil 14.5 020 


Caribbean Province 


P-275 Partially serpen- Margarita Is., Venezuela 4.6 006 
tinized dunite 
P-263 Serpentinite Camaguey, Cuba 16.3 017 


In table 5 is shown an arrangement of results by geo- 
graphical divisions. The possible causes for a geographic vari- 
ation indicate several interesting possibilities worthy of further 
investigation. Some of these are listed below. (1) The variation 
may be related to a regional variation in the uranium content 
in the horizon from which primary peridotites are derived. This 
might be tested by analyzing ultramafics of two or more ages 
from the same region. (2) It may be related to the per cent 
of partial fusion of the source rocks in the generation of the 
parent magma. Such a relation might be established in the 
resulting ultramafic intrusives by studying their average 
chemical and mineralogical compositions. (3) There may be 
a correlation of the radium variation with time, the ages 
of the intrusions, rather than with geographic distribution 
as suggested above. The northern Appalachian ultramafics are 
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probably mid-Ordovician, the Urals mid-Carboniferous, and 
the West Indies Cretaceous. 


CONCENTRATION OF RADIUM IN MINERALS SEPARATED 
FROM ULTRAMAFICS 


Minerals were separated from the Addie dunite and Webster 
websterite to ascertain how radium was distributed among the 
various solid phases in the rocks. Table 6 shows the results 
of this investigation. 

TABLE 6 
Radium in Minerals from Addie Dunite and 
Webster Websterite 
I II 
Wt. Fraction Ra x 10-" Ra contribution 
to total in rock 
WEBSTER Websterite P-369 1.00 

Olivine 

Chromite 

Serpentine 

Tremolite 

Tale 

Kammererite 


Mineral Total .... 


WEBSTER Websterite P-369 003 
Chrome diopside ; 001 
Bronzite 002 
Minor constituents trace high? 


Mineral Total .... .0010 


In the above rocks the essential minerals, olivine and 
pyroxene, appear to contain only one-half to one-third of the 
radium content of the rock. The late-stage minerals present 
in small amounts, serpentine, tremolite, tale, and kammererite, 
have relatively high radium contents as might be expected 
from the previous discussion. 

In table 7 the radium values for chromites and their con- 
taining rocks are given. Consideration of the chromite from 
the Balsam Gap dunite, which has seven times as much radium 
as the rock in which it occurs, might suggest that uranium was 
able to enter the structure of the chromite crystals. If this 
were the case, however, we would expect that the radium con- 
tent of ultramafics would rise with chromite content. Table 7 
clearly indicates that this is not the case. As the percentage 
of chromite in the rock increases, the radium content of the 
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chromite diminishes. In the last example, the chromite ore from 
Saranovsk, the chromite actually has less radium than the 
related rock material. The following explanation is offered to 
account for the radium distribution. Chromite and olivine differ 
greatly in physical properties. Stresses acting on the rock as 
a result of crystallization or deformation may tend to produce 
minute fractures, particularly at the boundaries of two such 
dissimilar materials. These contacts, therefore, become favored 
sites for crystallization of the final residuum of the magma, 
which residuum contains most of the uranium. A somewhat 
similar situation would exist under the other possibility, 
namely that the dunites have regenerated olivine during meta- 
morphism. Under either of these hypotheses the amount of 
uranium present is the amount in the unit volume of magma or 
rock and its degree of concentration around or in the chromite 
will be inversely proportional to the amount of chromite 
present. 

Careful examination of the chromite grains in thin section 
very commonly shows minute kimmererite or chlorite flakes 
along the outer boundaries of the chromite grains. The coarse 
chromite from Balsam Gap has fractures in it in which a thin 
film of white material can be seen with a hand lens. This mate- 
rial is probably kiammererite. It therefore seems possible, if 
not probable, that the apparent concentration of radium 
in the chromite of such rocks as the Balsam Gap dunite is 
in reality related to the presence of a trace of kimmererite 
which has relatively a very high radium content, and that 
this late-stage mineral tended to be concentrated at such 


TABLE 7 
Ra Ratio 
Raunitsin Raunitsin Chromite: % Chromite 
Chromite Rock Rock in Rock 


P-358 chromite, Balsam 028 
Gap, N. C 
004 7 0.5 
P-142 chromite, Balsam 026 
Gap, N. C. (P-140) 
P-39le chromite, Addie, O14 .007 2 2.0 
N.C. (P-391) 
P-269 chromite in ore,* 016 .020** <0.8 85.0 


Saranovsk 


*Contains 15% serpentine 
** P-270 
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physical discontinuities as the boundaries between the silicates 
and chromite. 

Reviewing the distribution of radium in the minerals of 
the ultramafics, we might suggest as a hypothesis that vir- 
tually the entire radium content of the rocks is contained in 
a small volume of late-stage minerals, particularly the kam- 
mererite, tale, and tremolite, or possibly entirely in one 
mineral, the kimmererite. Though great care was taken to 
obtain pure separates of olivine, pyroxene, etc., a tenth of a 
per cent of an impurity with perhaps 1000 times the radium 
content of the rock as a whole could easily explain the observed 


distribution. Such a possibility is suggested by the results 
obtained on the chromite. 


A CONSIDERATION OF THE CAUSES OF RADIUM VARIATION 
WITHIN THE PRIMARY PERIDOTITE SUITE 


The explanation for the very low radium value in the ultra- 
mafics with less than 10% water hinges upon the theory of 
origin of these bodies. If it were assumed that these bodies 
represent accumulates of early crystals from a basaltic magma 
(an assumption which the writers are disinclined to make), the 
uranium would have been expected to have remained in the 
residual liquid and been concentrated elsewhere just as in 
the cases of the Bushveld and Stillwater ultramafics. The 
radium concentration in this group is 0.005 against 0.010 in 
the Bushveld and Stillwater, so the process would have had to 
be twice as efficient in carrying away the uranium. If a primary 
ultramafic magma is assumed, then there still remains two 
alternative hypotheses for explaining the radium concentra- 
tion and variation. First, the present low-water content of 
this group may be a result of a process of differentiation in the 
ultramafic magma, similar to that in a basaltic magma, by 
which the early-formed olivine was concentrated at the level 
at which we see the present exposures, and a volatile-rich 
residuum carried much of the uranium upward to be ultimately 
included in the volatile-rich serpentinites at a higher level. 
This is the hypothesis at present favored. The second alter- 
native is that the present dunites were originally serpentinites, 
but suffered a high degree of metamorphism during which 
their volatile content plus certain other constituents including 
uranium were removed and olivine regenerated. The mosaic 
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textures of most dunites might suggest that they have been 
metamorphosed, but does not indicate whether they were 
dunites or serpentinites prior to metamorphism. That olivine 
will regenerate in serpentinite during metamorphism has been 
demonstrated by Durrell (1940) and MacDonald (1941).° 
According to the former reference a serpentinite intruded by 
diorite recrystallized as olivine along the contact, preserving 
in the magnetite distribution certain of the minor textural 
features of the serpentinite. No positive choice is possible 
between these two alternative processes at the present time. 
Either one or perhaps both may have been effective in bringing 
about the observed relationships. 

Assuming that we are dealing with an ultramafic magma, it 
is necessary to consider its mode of differentiation. Since it 
seems likely that the uranium does not enter the early-formed 
crystals except by accidental mechanical incorporation, it 
must be concentrated in a residual solution and must finally be 
trapped in the consolidation product of the residual solution. 
The early crystals are largely olivine plus a small chromite 
fraction, followed by the crystallization of subordinate pyrox- 
ene. The residual solution becomes enriched in volatiles and 
possibly enriched slightly in Fe with respect to Mg. Probably 
after the residual solution reaches the composition of  ser- 
pentine plus a little magnetite no further differentiation is 
possible. This is a very limited amount of differentiation as 
compared to a basaltic magma and probably will not result 
(as in more common magmas) in a final residuum of small 
bulk, analogous, for example, to the pegmatites carrying a 
relatively large percentage of those atoms which cannot enter 
the crystal structures of common rock-forming silicates. The 
uranium in this case would be distributed through a large mass 
of serpentinite which could well represent more than half of 
the bulk of the original magma.* 


* Better examples have been described by Geoffrey Leech in ultramafic 
and gabbroid intrusive rocks of the Shulaps, B. C. Unpublished PhD. thesis, 
Princeton University, 1949. 


*Small amounts of feldspathic rocks with highly calcic plagioclases 
are associated with some ultramafic bodies, particularly with those of 
batholithic proportions. Some of these, such as the olivine-anorthite rocks, 
appear to be differentiates of the ultramafic magma. Others may be in- 
trusions of unrelated younger gabbroic rocks somewhat modified by con- 
tact with ultramafic wall rocks. Since such feldspathic rocks are of 
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RADIUM CONTENT OF THE PERIDOTITE SUBSTRATUM 


From the data given in this paper some estimate may be 
made of the probable radium content of the peridotitic mate- 
rial at the base of the crust. The radium content of all ultra- 
mafics examined averages about .010 unit. By direct analogy 
the peridotites thought to exist at the base of the crust might 
be assumed to have a radium content of the same order of mag- 
nitude. Assuming that the peridotite magma suite is a product 
of a magma of that composition, a further analysis is possible. 
This magma would be generated in the lower peridotitic por- 
tion of the crust. The relatively anhydrous members of per- 
idotite magma suite average about .005 unit of radium and the 
hydrous serpentinites contain about .015 unit. The magma 
from which both components were derived might reasonably 
contain .006 to .010 unit. It seems likely that in the generation 
of such a magma by partial fusion, the liquid would contain 
most of the uranium of any given unit of volume undergoing 
partial fusion and the residual crystals very little. Thus, the 
ultramafic magma might have two or three times as much 
uranium as the material from which it was derived. This would 
place the radium content of the peridotite substratum at .002 


to .005 unit. The possibility that the above reasoning might 
give figures which are somewhat too high is considered below 
under contamination. 

The radium content of the deeper interior of the Earth 
will be considered when the results of radium measurements on 
meteorites are presented in a later paper. 


CONTAMINATED SAMPLES AND A CONSIDERATION OF THE 
CAUSES OF CONTAMINATION 
A satisfactory technique was developed for collecting, 
handling, and preparing the samples so that they were not 


relatively small bulk and comparatively rare, they have not been con- 
sidered in the above discussion nor have radium determinations been made 
on them. Their origin is at present an unsolved problem. 

It also seems possible that magmas intermediate between ultramafic and 
basaltic may exist. These could give rise to the dunite-pyroxenite-gabbro 
suite in which the volume of the gabbro is of the same order of mag- 
nitude as the ultramafic fraction instead of greatly larger as in the 
basaltic magma differentiation sequence found in the Stillwater and 
Bushveld complexes. The occurrences in Southeastern Alaska described 
by Buddington and Chapin (1929) and later by Kennedy and Walton 
( 1946), the Santa Ana Complex of Paraguanao Peninsula, Venezuela, and 
perhaps the Great Dike of Southern Rhodesia may be of this character. 
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contaminated by radium after leaving their original environ- 
ment. Five samples, however, give radium values higher than 
average and are suspected of having been contaminated at 
some time during their histories. In each case evidence of this 
probable contamination is available either from the thin 
section examination or the field relations. 

The most probable causes of contamination are as follows: 
(1) contact with or inclusion of wall rocks of much higher 
uranium content than the magma; (2) introduction of uranium 
by hydrothermal solutions after solidification of the ultra- 
mafic. A possibility of contamination by ground water was also 
considered particularly since some of the water bound in the 
serpentine molecule may have been derived from the wall rocks. 
From what little information is available on the uranium con- 
tent of ground water and sea water this possibility seems to 
be very unlikely, since the amount of uranium contained in 
such water seems to be much too low to have an appreciable 
effect. Only in the rare case where the magma intruded an oil 
field would contamination be likely. Unkovskaya (1940) found 
waters related to oil accumulations to be 5000 times higher in 
uranium than sea water and petroleum itself to be 50,000 times 
higher. 

Since wall rocks would normally contain 10 to 100 times as 
much uranium as ultramafics, samples of several contact rocks 
were tested partly to ascertain whether contamination could 
result. In table 8 the values for contact rocks are shown. 
Two of the three samples taken from contacts with wall rocks 
show appreciable contamination. A fourth sample (P-322) 
which gave an exceptionally high radium content (.142 unit), 
was found to contain small xenoliths of chlorite schist, 
previously overlooked. 

In collecting the samples for radium analysis areas of ultra- 
mafics cut by pegmatite dikes or areas in which the effects of 
hydrothermal alteration were evident, were avoided. Three 
samples were collected from Belvidere Mountain, Vermont. 
Two of them, P-308 and P-310 above, have probably been 
contaminated by hydrothermal solutions. The third sample 
from this locality, P-307, was apparently unaffected by 
hydrothermal alteration and has a very low radium content. 
The radium content of P-308 is very slightly high compared 
to similar rocks of the Appalachian Province and possibly 


4 
|| 
ig’ 
0 
J 
a 
| 
} | 
; 


Radium Content of Ultramafic Igneous Rocks 869 


would not have been considered as contaminated except for 
the unquestioned contamination of a nearby specimen P-310. 
The very high radium content of the latter plus the presence 
of introduced pyrite leaves little doubt of the contamination 
of the sample by post-consolidation hydrothermal solutions. 


TaBLe 8 
Contact Rocks and Contaminated Samples 
Specimen Rock Type %Wet.Loss Ra x 10-" 
No. & Locality at 1000°C. g-/B. Remarks 
P-363 Serpentinite, New- 138.3 013 Contact rock, appar- 
foundland ently not contam- 
inated. 
P-365 Serpentinite, New- 5.2 d Contact rock, prob- 
foundland ably contaminated. 
P-368  Serpentinite,Camaguey, 14.2 d Contact rock, con- 


Cuba taminated. 
P-322 Serpentinite, Thetford, 12.9 P Contains chlorite 
P.Q. schist xenoliths, 


contaminated. 
P-308 Serpentinite, Belvidere 11.7 d Cloudy white alter- 
Mt, Vt. ation product and 
several per cent of 
chlorite. Probably 
some hydrothermal 

contamination. 
Serpentinite, Belvidere 9.7 : Some alteration pro- 
Mt. Vt. duct as above and 
chlorite plus intro- 
duced pyrite, Con- 
taminated by hy- 
drothermal solu- 

tions. 


Throughout the fresh North Carolina dunites, as well as 
similar rocks from other areas, minute amounts of a colorless 
amphibole, a chlorite, or kiaimmererite, and in some samples 
tale, were noted when the thin sections were carefully examined. 
The amphibole normally forms tiny, euhedral, short, prismatic 
crystals between larger olivine grains. The chlorite or kim- 
mererite occurs as blades or flakes which form an exceedingly 
thin film around chromite grains. Some of these blades sharply 
penetrate adjacent olivine and no doubt have replaced it. 
These minerals are commonly considered to be of external 
hydrothermal origin. Near pegmatite dikes fibrous to acicular 
tremolite replaces considerable volumes of dunite and chlorite 
and talc are locally abundant. In the latter case, the evidence 
for external hydrothermal alteration is clear. In the former 
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case, however, the minute amount of similar minerals uniformly 
distributed through the dunite is considered to be late stage 
primary minerals by the writers. It must be remembered that 
these minerals, plus a few per cent of serpentine, contain a 
large fraction of the radium in the rock and possibly contain 
all the radium. If they are attributed to an outside source 
then the original radium content of the unserpentinized ultra- 
mafic rocks would be very much lower than the values here 
given. The relatively small degree of variation in radium con- 
tent of these rocks seems to the writers to be inconsistent with 
an external hydrothermal origin. If such were the origin, we 
would expect a very large amount of fluctuation in radium 
content of samples of the rocks from one hand specimen to 
another. The amounts of uranium which might be deposited in 
the rocks by such a process might well give variations in 
radium content of several orders of magnitude considering 
both the original variations in uranium content of the hydro- 
thermal solutions and variation in the amounts of hydro- 
thermal minerals which might de deposited. 


APPENDIX 


PETROGRAPHIC DESCRIPTIONS OF ROCKS 


P-140, Dunite, Balsam Gap, North Carolina. Collected by Hess 
(HR1). The hand specimen appears to consist entirely of 
clear, pale green olivine grains 1-2 mm. in diameter. A frac- 
tion of a per cent of chromite is present. In the quarry face 
the olivine is seen to vary greatly in size, some single crys- 
tals up to 20 cm. in diameter being noted. In thin section 
it can be seen that the fine-grained olivine has a granular 
mosaic texture made up of more or less equidimensional 
polygons of olivine fitting nicely together with little trace 
of a matrix. The optic angle of the olivine is within a degree 
or two of 90° and the sign is positive. The composition has 
been estimated by “erwin as FogoFayo. The large olivine 
grains in thin section show minute (0.01 mm.) flattened 
chromite crystals scattered regularly throughout. The finer 
grained, mosaic, olivine does not appear to contain these 
tiny flattened chromites. 

Chromite as sharp euhedral crystals makes up less than 

0.5% of the rock. The crystals are about 0.5 mm. or less in 
diameter. They occur included within the large olivines and 
scattered among the mosaic olivine. Very commonly they have 
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“shadows” of a chlorite with the following properties — bire- 
fringence variable ca. 0.01, optically positive, 2V = 45° or 
larger, portions of the sheaf-like crystals often showing 
slightly anomalous interference colors in greenish or brown- 
ish tints, dispersion of the optic axes not noticeable. Sheaf- 
like clusters may be found in the large olivines and some 
of these send long spikes for a millimeter or more out into 
the olivine. The same chlorite in the mosaic texture areas 
may show some crystal faces. The total amount of this 
mineral present is less than 1%. The traces of a pink min- 
eral found in the magnetic separation proves to be this same 
chlorite. X-ray diffraction examination of this mineral by 
Davis shows it to be identical with the mineral kaimmerite. 
This mineral is generally classified as a chlorite but evidently 
differs from most chlorites in structure. 

A few grains of tremolite with an optic angle of 90° were 
found in with the mosaic olivine. The optic angle suggests 
an amphibole between tremolite and pargasite. A very thin 
film of serpentine seems to coat the smaller olivine grains. 
It also is seen as minute veinlets in the coarse olivine. It 
has a honey-yellow color and moderate birefringence for 
serpentine, reaching first order yellow. 

Serpentinite, Geiger’s Quarry, Octararo Creek, Maryland- 
Pennsylvania line. Collected by Hess (HR2). The main mass 
of the rock is composed of fine flakes of antigorite with pale 
bluish interference colors. Some areas of “‘bastite’’ occur 
where flakes of the same type are larger and have parallel 
orientation. A small per cent of olivine relics are present as 
scattered clusters of small grains having the same optical 
orientation within a cluster. A network of fine magnetite 
grains criss-crosses the rock. Magnetite is more abundant 
around and in the “bastites,” and seems to be clearly re- 
lated to the serpentinization. A few chromite crystals are 
found in the thin sections. These are about 1 mm. in diam- 
eter, and light transmitted through them is reddish-brown. 
The borders of the grains are ragged and opaque, probably 
the result of addition of magnetite during serpentinization. 
Several subhedral crystals of a brass-yellow metallic min- 
eral, probably pyrrhotite, are also present. Minute gash 
veins of a colorless, almost uniaxial, positive chlorite are 
evenly distributed through the serpentine. The birefringence 
is estimated to be about 0.01, and indices of refraction are 
slightly higher than the serpentine. The interference colors 
are white with a slightly pinkish tinge. The mineral is prob- 
ably amesite or prochlorite. Probably all of the minerals 
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present are either related to the original crystallization, such 
as the olivine and chromite, or related to the serpentinization 
which is considered to be a late stage magmatic alteration 
in these rocks. Some doubt may be entertained as to the 
primary origin of the sulfide. 
Dunite, Twin Sisters Mt., Whatcom County, Washington. 
Collected by T. Thayer, U.S.G.S. The rock is composed of 
large grains of olivine in crystals several centimeters across. 
The composition has been estimated by Merwin as Fog2Fas. 
Perfectly euhedral chromites are included in the olivine 
(0.05 — 0.5 mm.). These amount to a small part of one 
per cent of the rock. Only a trace of serpentine is present. 
Rod- or plate-like brown inclusions may be seen under high 
magnification parallel to the cleavage direction of the 
olivine. They appear to be slightly pleochroic with greater 
absorption parallel to their long direction and have indices 
of refraction higher than olivine. Lines of very minute 
colorless inclusions can also be seen. These are equidimen- 
sional and have a lower index of refraction than the olivine. 
A sheared area within one olivine crystal shows develop- 
ment of a mosaic texture, possibly cataclastic. Most of the 
olivine has a slightly undulose extinction. 

Diabase (fine); P-185, Basalt (fine); P-186, Dunite 


(coarse) ; P-187, Dunite (fine); P-188, Quartzite (coarse); P-191, 
Sandstone (fine); P-194, Deccan Trap (fine); P-195, Kimberlite 


(fine) ; 


P-268, 


and P-199, Gabbro-diorite (fine). National Bureau of Stand- 
ards, Radium Standards, Rock Samples. Rock descriptions, 
chemical analyses, and radium contents are given in the 
Minutes of the Committee on Standards of Radioactivity, 
National Research Council, Washington, D. C., 1938 et seq. 
Serpentinized peridotite, Camaguey, Cuba. Collected by 
Hess (CC4). This rock is almost completely serpentinized 
but a small percentage of small optically positive olivine 
relics remain. These relics extinguish simultaneously over 
areas up to 1 cm. in diameter, indicating the size of the 
original olivine crystals. They have a pronounced cleavage 
parallel to (010). A few millimeter grains of almost opaque 
chromite are present. These evidently were originally anhe- 
dral against the olivines, and a pseudomorph of a small 
olivine is partly included in one of them. Magnetite dust is 
very finely disseminated through the serpentine, giving it a 
cloudy appearance. There is no magnetite along the outer 
rims of the chromite grains. Some magnetite is associated 
with minute isotropic serpentine veins which transect the 
rock. A peculiar intergrowth was noted of augite and chrom- 
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ite in which the chromite has forms resembling Japanese 
characters and is surrounded by the pyroxene. The amount of 
this intergrowth present in the rock is very small—three or 
four 2 mm. grains per thin section. Most of the serpentine is 
isotropic or nearly so. Shreds and also minute asbestiform 
veins of slightly birefringent serpentine are present in sub- 
ordinate amounts. The interference colors are bluish-gray. 
Serpentinized peridotite, Stillwater Complex, Montana. 
Collected by J. W. Peoples (463D7). The rock is a ser- 
pentinized peridotite. The common pyroxene in it is a bron- 
zite (Engg). Olivine appears as small relics. Most of it has 
been replaced by serpentine. A small amount of diopsidic 
pyroxene may be noted as inclusions in the bronzite. Several — 
per cent of plagioclase are present (Ang;). A half per cent 
of chromite is also found in the rock. A chemical analysis is 
given in an unpublished thesis by J. W. Peoples, Princeton 
University. 

Bronzitite, Stillwater Complex, Montana. Collected by J. W. 
Peoples (465E3h). Analysis and description: Hess, H. H., 
and Phillips, A. H., Amer. Min. 25, 276, 1940; and Peoples, 
J. W. op. cit. 

Chromite ore, Saranovsk Urals, USSR. Collected by Hess 
(25e). About 85% of this rock is chromite which occurs 
as subhedral to euhedral crystals 0.1 to 3.5 mm. in diameter 
in a matrix which consists largely of almost isotropic ser- 
pentine. The chromite departs from being euhedral by 
rounding of corners or edges of faces. It is chocolate brown 
to opaque and is transected by fractures and openings along 
parting planes filled with serpentine. A little bastite ser- 
pentine is present. Small grains of a green isotropic mineral 
with high relief are seen in the serpentine in some places. 
These are probably uvarovite. 

Serpentinized peridotite, Saranovsk Urals, USSR. Collected 
by Hess (25r). The rock is completely serpentinized and 
has rather abundant fine secondary magnetite as veins and 
disseminations, and along straight lines which apparently 
represent former olivine cleavages. A few 1.5 mm. euhedral 
grains of almost opaque chromite are present, most of 
which do not have magnetite rims. The main areas of 
serpentine after olivine have a faint yellowish-green color 
and, under crossed nicols, low birefringence. They appear 
to consist of aggregates of serpentine cross-fiber veins with 
negative elongation of the fibers. In some cases sharp euhe- 
dral outlines of original olivine crystals can be made out, 
set in a matrix of very fine-grained, flaky, colorless serpen- 
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tine of slightly higher birefringence, antigorite. Chromites 
are both included in the margins of former olivines and 
between them. A few flakes of a cloudy brown micaceous 
mineral are present, probably an altered phlogopite. Some 
of these rim chromite and some are in the “matrix” areas 
of colorless serpentine. They have strong absorption paral- 
lel to the cleavage and moderate birefringence. Some are 
intergrown with a colorless chlorite. A little carbonate is 
present as rims between olivine pseudomorphs and “matrix” 
serpentine and around chromite grains. One large bastite 
crystal is present. It seems to be the same sort of faint 
yellow-green serpentine as the olivine pseudomorphs but 
differs in texture. 

Serpentinized peridotite, Caribou Lake, Thetford, P. Q. 
Collected by Hess (Q134). The rock is a typical serpen- 
tinite consisting almost wholly of serpentine. The only other 
mineral present is a small amount of opaque chromite. 
The chromites are for the most part euhedral octahedra 
varying in size from 0.05 to 0.5 mm. No magnetite dust is 
present. The serpentine has light gray interference colors 
and shows a great variety of textural forms. The most 
common is a felted or reticulate pattern of small flakes. 
characteristic of antigorite. Large areas of a coarse-grained 
serpentine with undulose extinction are also present. 
Partially serpentinized dunite, Tagil, Ural Mts., USSR. 
Collected by Hess (10398h). The rock consists of one-third 
olivine and two-thirds serpentine, pale yellow in thin sec- 
tion. Minute opaque chromite grains (0.1 mm.) are scat- 
tered through the rock. Most of these are euhedral but some 
are rounded. A few larger chromites 1 mm. in diameter are 
also present. No magnetite was found. The serpentine forms 
criss-cross veins or flat lenses between olivine relics. It has 
moderate birefringence, ca. 0.013, and a suggestion of cross- 
fiber structure with the X-direction across the veins. Wisps 
of brownish material, possibly limonite stained, are found 
here and there through the serpentine. There are also small 
areas in the serpentine of a similar material but which has 
slightly higher indices of refraction and anomalous inter- 
ference colors, probably a chlorite. A single grain of augite 
was found in one thin section. 

Serpentinized dunite, Tagil, Ural Mts., USSR. Collected by 
Hess (10398e2). This rock is petrographically identical with 
P-272. 

Dunite, Margarita Island, Venezuela. Collected by Hess 
(VM9a). The rock consists largely of interlocking grains 
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of olivine, 1-3 mm. in diameter, with irregular grain bound- 
aries. The larger crystals show undulose extinction. Ser- 
pentine veinlets transect the olivine irregularly in all direc- 
tions, making up 20-25% of the rock. The serpentine has 
low gray-blue interference colors and gives a suggestion 
of a cross-fiber structure. The X-direction lies across the 
veins. Opaque chromite occurs as euhedral crystals about 
1 mm. or less in diameter. A small amount of colorless mono- 
clinic pyroxene is present, optically positive, 2V ca. 55° 
and containing two sets of oriented rod-like or plate-like 
inclusions, probably parallel to (001) and (100). Some of 
the inclusions are black and others are brown and translucent. 
Serpentinized peridotite, Belvidere Mt., Vermont. Collected 
by Davis. This rock is 50-60% serpentinized. It has a 
peculiar texture. The pyroxenes are in some cases sheared 
out to highly elongate augen (2 mm.) and the grain size of 
olivines, (0.2 mm.) suggests a pre-serpentinization mosaic 
texture. The opaque minerals, both chromite and magnetite, 
are also strung out in lines along shear planes. The ser- 
pentine, a rather coarse-grained antigorite, shows a more or 
less random orientation of flakes and blades 0.1-0.2 mm. 
in size, thus appearing to be younger than the shearing. The 
antigorite blades sharply penetrate the olivine relics in such 
a manner that the relics are most irregular in outline, unlike 
the rounded olivine relics so commonly seen in serpentinized 
peridotites. 

The antigorite serpentine is optically positive, occurs as 
irregular flakes or blades, has low birefringence and has 
pale blue anomalous interference colors. The olivine has an 
optic angle of 90°, indicating a composition FoggF aj. The 
pyroxene in part is enstatite, optically positive, 2V ca. 88°, 
indicating a composition of En,,Fs,,. Pseudomorphs after 
pyroxene, distinctly showing its cleavage, are also found. 
They consist of unidentified cloudy material and are densely 
crowded with opaque rods and plates. These may originally 
have been augite crystals. Opaque material makes up about 
2% of the rock. The large areas probably have cores of 
chromite with irregular additions to their borders by late 
magnetite. These larger opaque areas are invariably sur- 
rounded by a rim (0.1 mm.) of isotropic serpentine. Narrow 
discontinuous opaque veinlets and oriented inclusions in 
the pyroxene pseudomorphs are probably magnetite. No 
sulfides were noted. 

P-308, Serpentinite, Belvidere Mt., Vermont. Collected by Davis. 
This rock is very similar to P-307 except that serpentiniza- 
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tion is very nearly complete. Intense shearing is indicated 
by the stringing out of opaque minerals along parallel lines 
and by the augen-like character of the pyroxene pseudo- 
morphs. Most of the pyroxenes have been replaced by ser- 
pentine but some of the cloudy unidentified alteration pro- 
duct mentioned in P-307 is seen here also. The same material 
surrounds some of the rare olivine relics. A colorless chlorite 
is found to the extent of several per cent in the rock. It 
has an optic angle of approximately 15°, is positive, and 
has white interference tints with a pink tinge. A few small 
specks of yellow sulfides are present. Areas of white opaque 
alteration are noted in the thin section, viewed by reflected 
light. 

Serpentinite, Belvidere Mt., Vermont. Collected by Davis. 
This rock is very similar to P-307 and P-308 except that 
it shows more alteration. It contains several large grains of 
yellow sulfide, aureoles of chlorite around the opaque mate- 
rials and almost a third of the slide is made up of a cloudy, 
white-reflecting alteration product. 

Serpentine, Belvidere Mt., Vermont. Collected by Davis. 
This rock is mineralogically and texturally similar to P-307 
but has been serpentinized to a higher degree (87%). Sul- 
fides were not found in the specimen nor does it show the 
turbid white alteration or marked increase over normal in 
chlorite as found in the contaminated specimens, P-308 and 
P-310. Magnetite is somewhat more abundant than in the 
less serpentinized P-307, magnetite plus chromite amounting 
to 5% by volume. The chromite is translucent brown and is 
rimmed by opaque magnetite. 

Serpentinized dunite, King Mine, 855 foot level, Thetford, 
P. Q. Collected by Davis. The rock consists of olivine in 
1 mm. grains transected by a network of serpentine veins. 
Fifty-five per cent by volume of the rock is serpentine. A 
few enstatite (Eng2) crystals are present. The enstatite is 
rimmed by a narrow band of dusty brown alteration product, 
probably similar to that found in the Belvidere Mt. speci- 
mens. In reflected light this material is white. It has a 
radiate fibrous structure, the fibers being perpendicular to 
the edge of the pyroxene. Extinction is inclined to the 
direction of the fibers. It has high relief compared to ser- 
pentine and has interference colors which reach a maximum 
of reddish yellow. In many cases it becomes darkened by 
magnetite dust towards its outer margin and may grade into 
solid magnetite. The wide distribution of this type of alter- 
ation around pyroxene through the Vermont-Quebec region 
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suggests that it may be a primary late stage magmatic 
product. The olivine is highly magnesian, approximately 
Fog;Fas. The serpentine adjacent to the olivine is a fine 
flaky antigorite with faint bluish-gray interference colors. 
The centers of the veinlets are formed of isotropic colorless 
serpentine. The chromite is limonite-brown in transmitted 
light and may or may not be rimmed by magnetite. Chrom- 
ite appears to be molded around enstatite but may be 
euhedral against olivine. Magnetite often occurs as minute 
straight veinlets in olivine crystals but is almost absent in 
the serpentine veins which appear to be younger and cut 
across the magnetite. No sulfides were found in the speci- 
men. The texture indicates comparatively little shearing. 
Some olivines have undulose extinction and the parallel 
orientation of the magnetite veins in the olivine, in some 
cases at an angle to the cleavage, suggests deposition on 
shear zones. 
P-322, Serpentinite, King Mine, 855 foot level at contact with 
“granite,” Thetford, P. Q. Collected by Davis. Serpentiniza- 
tion is complete in tnis rock. The main mass consists of an 
intergrowth of antigorite of several different habits. A con- 
siderable portion appears to be bastite. A few opaque euhe- 
dral octahedra, probably of chromite (0.2 mm.) are present. 
Several rounded spots of strongly pleochroic chlorite occur 
in the rock. These appear to be foreign material, since chlor- 
ites of this type are not ordinarily found in serpentinites. 
They probably are small xenoliths of schist. The chlorite 
flakes show a strong preferred orientation within any one 
of the spots. The optical properties of the chlorite are as 
follows: indices of refraction considerably higher than anti- 
gorite, birefringence high for chlorite about 0.02, optically 
negative, optic angle small perhaps 20°, X yellow, Y pale 
green, Z green. The sample came from a location near a 
contact. 
Serpentinite, King Mine, 1000-foot level, Thetford, P. Q. 
Collected by Davis. The rock, now 80% serpentinized, was 
originally a fairly coarse-grained enstatite-bearing dunite. 
The small olivine relics and the pattern of the serpentine 
outline original olivine grains up to a centimeter in diam- 
eter. The optic angle of the olivine is 90° indicating a com- 
position of approximately Fos;. The enstatite is positive with 
a very large optic angle. Much of it has been replaced by 
bastite. It is rimmed by the same cloudy alteration product 
as described in specimen P-320 and magnetite dust or solid 
magnetite may form an outer border around the alteration. 
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The chromite, about 4% of the rock, has a dark cherry-red 
color in transmitted light and forms grains up to 0.5 mm. in 
diameter. It is rimmed by magnetite. The main mass of the 
serpentine is a fine flaky antigorite with pale gray inter- 
ference colors. Some veins of chrysotile traverse the rock. 
These do not have magnetite cores. Little magnetite dust is 
present except as mentioned above in association with the 
enstatite and chromite. 

P-325, Serpentinite, King Mine, 1000-foot level, Thetford, P. Q. 
Collected by Davis. The rock is completely serpentinized. 
It consists largely of almost isotropic or isotropic serpentine. 
A mesh-like network of veinlets may be seen by the slight 
color differences in plane light. Small subparallel veinlets 
of more highly birefringent serpentine and magnetite 
traverse the rock. The centers of these veinlets contain 
magnetite in isotropic serpentine and the borders consist 
of the birefringent serpentine with gray-white maximum 
interference colors. A few 0.2 mm. crystals of chromite are 
present. In transmitted light these are limonite-brown and 
have thin rims of later magnetite. 

P-357, Dunite, Mt. Dun, New Zealand. Collected by A. L. Day for 
L. H. Adams. The rock consists largely of olivine. No mate- 
rial remains for petrographic examination. 

P-358, Chromite, Balsam Gap, North Carolina. Collected by Hess. 

| This specimen came from a large crystal about 4 cm. in 
diameter in the coarse-grained dunite. It was considerably 
sheared and fractured. A trace of white, micaceous material 
on the fractures is probably chlorite. 

P-363, Serpentinite, Bay of Islands, Newfoundland. Collected by 
Hess (NA21). The rock is completely serpentinized and 
consists largely of typical mesh-structure serpentine. This 
serpentine has its X-direction at right angles to veinlets or 
flattened lenses and has the following pleochroism: X yellow, 
Y greenish yellow, Z pale green. Between the veinlets or 
lenses forming the mesh structure are some areas of pale 
green, nearly isotropic serpentine. Bastite crystals are 
scattered through the specimen. These are optically positive, 
2V large, and X yellow, Y greenish yellow, Z green. Irregu- 
lar areas 0.1 mm. in diameter of opaque material are found 
sparingly in the serpentine. Most of these appear to be 
magnetite rather than chromite. A chemical analysis of the 
rock is given in the Am. Jour. Sct., 35, 324, 1938. 

P-364, Dunite, Stillwater Complex, Montana. Collected by Hess 

(MB20). A description and chemical analysis is given in the 

Amer. Jour. Sci., 35, 338, 1938. 
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P-365, Serpentine, Newfoundland. Collected by Hess (NAI14). 
The rock is a partially serpentinized peridotite. It has a 
pronounced mosaic texture and a banded appearance result- 
ing from thin sheets of granular, lighter-colored augite in 
the generally darker-colored, olivine-rich peridotite. The 
darker color of the olivine portion is largely the result of 
the presence of much black opaque material, probably mag- 
netite, in the yellowish-brown serpentine which fills closely 
spaced shear planes. The olivine seems to have been much 
more susceptible to granulation than the pyroxene. Most of 
the olivine has a grain size of about 0.1 mm. while most of 
the pyroxene grains are between 0.5 and several millimeters 
in diameter. A few small grains of opaque chromite are 
present. The most of the pyroxene is augite, but bronzite 
is also present in subordinate amount. A smal] amount of 
secondary colorless amphibole may be seen replacing augite. 
This may indicate some contamination of the specimen by 
later hydrothermal solutions. 

Serpentinite, Santa Clara, Cuba. Collected by Hess (C34). 
This rock is probably contaminated, having been collected 
two feet from a contact. There is no evidence in the thin 
section of secondary minerals to cause contamination except 
for a little limonite staining. The rock is completely ser- 
pentinized and has a well-developed mesh-structure with 
fairly abundant fine magnetite in the veinlets. Polygonal 
areas of serpentine are commonly isotropic at the cores and 
are surrounded by fibrous (chrysotile) serpentine with radial 
extinction. Some yellowish bastite crystals are present. A few 
anhedral irregular chromite grains are seen (1-2 mm.) which 
are brown in transmitted light. A chemical analysis of this 
rock is given in the Amer. Jour. Sci. 35, 324, 1938. 

Websterite, Webster, North Carolina. Collected by Hess. 
(a) Diopside magnetically separated. (b) Bronzite mag- 
netically separated. (c) Whole rock. The rock consists of 
chrome diopside (80%) and bronzite (20%) plus a very 
little chromite. It is completely fresh except for a_ little 
greenish stain on cracks in the pyroxenes. A trace of tremo- 
lite may be seen along shear zones. The rock has a mosaic 
texture madé up of polygonal grains ranging from 0.1 to 
1 mm. in diameter. In the hand specimen the diopside is 
bright chrome-green and the bronzite is a little yellowish- 
brown. Both minerals are colorless in thin section. The 
bronzite has a composition approximately Enggs.5Fs;.5. It is 
slightly variable in composition. The optic angle is very 
close to 90°, most grains being negative but a few are posi- 
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tive. It shows a slight tendency to develop exsolution lamel- 
lae parallel to (100). When seen, these are exceedingly 
fine, perhaps 0.0001 mm., and very few are present 
compared to those in the Stillwater and Bushveld bronz- 
ites. The chrome diopside has a composition equivalent 
to Ca,,.Mg,;..Fe,;, optic angle + 58°, ZAc = 39°, dis- 
persion weak r>v, and a= 1.672, B= 1.678, y= 1.699. 
Analyses of both minerals have been made: one published 
by Hess and Phillips, Amer. Min. 25, 1940; the other will 
be published shortly by Hess. These were obtained from 
the same outcrop but not from the same specimens that 
were analyzed for radium. 
Dunite, Addie, North Carolina. Collected by Davis. This 
is a fine-grained dunite with a mosaic texture of polygonal 
grains of olivine 0.2-1.0 mm. in diameter. It contains about 
2% of very black opaque chromite as euhedral to slightly 
rounded crystals (0.5). A little serpentine is present 
along cracks between grains. The cracks are so fine that 
it is difficult to estimate the amount of serpentine but it 
is probably less than 5% of the rock. A few equidimensional 
grains of a colorless amphibole were noted interspersed with 
the olivine. This amphibole has a large optic angle and is 
optically negative. The beta index of refraction is 1.622 
and ZAc about 18°. It appears to be intermediate between 
tremolite and pargasite. Spike-like minute plates of a 
chlorite (kammererite) project in some cases from the 
corner of a chromite crystal into the olivine which they 
sharply transect. This chlorite appears as a pale pink 
mineral in the magnetic separates (beta = 1.5825). 
Since small albitic and granitic dikes are found in the 
vicinity of this quarry the possibility of contamination 
must be borne in mind, particularly since a little tale was 
found in the rock. The olivine has the following indices of 
refraction: a= 1.653, B= 1.667, y= 1.687, with a com- 
position of Fog,Fag as estimated by Merwin. The serpentine 
is antigorite, isotropic with n = 1.555 in the form of rough 
scales. The tale is uniaxial negative with nearly parallel 
extinction, a= 1.54, and 8 + y = 1.58, and contains drawn- 
out brown inclusions. 
Dunite, Mooihoek Pipe, Bushvelt, Transvaal. Collected by 
E. Sampson (7656). The rock consists largely of coarse 
(5 mm.) grains of olivine which have irregular interlocking 
grain boundaries and show banded undulose extinction indi- 
cating some strain. The olivine has a beta index of refraction 
of 1.715, indicating a composition Fo7z9Fago. The dispersion 
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is fairly strong, r > v. It contains opaque plates, probably 
of magnetite, lying on the (100) plane of the crystals and 
these plates commonly consist of an aggregate of rods which 
parallel the 6 crystallographic axis of the olivine. Irregular 
spots of black opaque material are also found along grain 
boundaries and less commonly scattered through the olivine. 
A little euhedral to subhedral amphibole, most of which is 
colorless but some pale green, is found usually between the 
olivine crystals but also within them. It has ZAc approxi- 
mately 18° and a positive optical angle of about 80°. 
There is very little serpentine present, only one veinlet 
of serpentine-like material. This vein is in part dark green 
and isotropic but contains some narrow bands of low bire- 
fringent material showing pleochroism (X’ across the vein, 
reddish brown, Z’ parallel to the vein, green). A little tale 
and some magnetite are found also in the vein. 

Dunite, Driekop Pipe, Bushvelt, Transvaal. Collected by 
E. Sampson (7659). The rock consists largely of rounded 
interlocking grains of olivine (1-2 mm.). The beta index 
is 1.6915, indicating a composition of Fo,,Fa,,. Some mono- 
clinic pyroxene is present which is slightly pleochroic, Z 
pale pink, X and Y colorless to pale green, which might 
easily be mistaken for hypersthene. It is positive with an 
optic angle near 55°. A trace of greenish-brown serpentine 
occurs in the cracks in the olivine. A little magnetite is 
also present in the cracks. Subhedral opaque inclusions 
(0.05 mm.) are seen in the olivine and are interpreted to 
be chromite. 

Bronzitite, Malips Drift, Bushvelt, Transvaal. Collected 
by E. Sampson (7666). The rock consists almost entirely 
of interlocking subhedral grains of bronzite with a per cent 
or two of interstitial chrome-augite and a smaller quantity 
of bytownite. The bronzite has a Mg:Fe ratio of 87.7:12.3 
(atomic %), gamma index, 1.6800 + .0004. The chrome- 
augite has the following composition (from chemical analy- 
sis) Cay;MgsoFe; with 1% The plagioclase is 
Ab,.An,, (a = 1.551, y =1.558). The rock is perfectly fresh 
and no other minerals were found in thin section. 

The bronzite is very slightly pleochroic from Z green to 
X pink in section. It has minute exsolution lamellae of 
diopsidic pyroxene parallel to (100) the optic plane. These 
are estimated to be less than a micron thick. There are 
about 200 of them per mm. They make up roughly 5% of 
the pyroxene. They extinguish about 40° either side of the 
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e axis of the bronzite in the plane (010). Chemical analysis 
of the pyroxene and optical properties are available. 
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ABSTRACT. The Pleistocene stratigraphy of northeasternmost Kansas 
is reinterpreted on the basis of several new exposures in the bluffs of the 
Missouri River Valley. Recognition of early Nebraskan David City gravel, 
and differentiation of Nebraska and Kansas glacial tills is based primarily 
on profiles of weathering and regional relationships. The thick late Pleisto- 
cene loess section was studied by making a chemical traverse of the 
deposits and by zonal collecting of the fossil mollusk faunas. Loveland, 
Peoria, and Bignell members of the Sanborn formation are recognized. 
Each of these members displays a prominent profile of weathering in its 
upper part. 


INTRODUCTION 

HE existence of early Pleistocene glacial deposits and late 

Pleistocene loess in northeastern Kansas has been recog- 
nized for many years. Largely because of lack of a well-exposed 
sequence of distinguishable stratigraphic units and paucity 
of subsurface data, however, the exact nature of the succession 
has been unknown. Recently information of much geologic 
importance has become available through work of the Kansas 
Highway Department in making several deep cuts. Excavation 
of Pleistocene deposits was made to secure material for sub- 
grade fill for Kansas Highway 7 at the foot of the Missouri 
Valley bluff between White Cloud and Sparks in Doniphan 
County. The new exposures were studied by us during the 
summer and fall of 1948 and provide the basis for recognition 
of Pleistocene subdivisions known elsewhere in the Kansas- 
Nebraska region but not previously known in northeastern 
Kansas. 

The supplemental data for this paper have been drawn from 
three special studies now under way by the State Geological 
Survey of Kansas. The first is a study of the late Pleistocene 
loess faunas by Leonard; the second is research on the ceramic 
properties of the loesses of northern Kansas by Frye, Plummer, 
and Runnels; and the third, in cooperation with the Ground 
Water Division of the United States Geological Survey, is 
a subsurface investigation of the Pleistocene deposits of the 
glaciated part of Kansas by use of the State Geological 
Survey’s test drill. Stratigraphic classification presented here 
will be used in each of these studies. 

The terminology of Pleistocene stratigraphic units employed 
in this paper is that officially adopted by the State Geological 
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Survey of Kansas. This makes distinction between (1) rock 
units, such as Yarmouth gravel, which have names consisting 
of proper nouns; and (2) time-stratigraphic and (3) time 
units, such as Aftonian Stage and Aftonian Age, which have 
names consisting of adjectives derived from a proper noun. 
We express our thanks to R. C. Moore for helpful sug- 
gestions and criticism of the manuscript. A. R. Leonard and 
Norman Plummer accompanied us during part of the field 
work, and the chemical analyses reported in table 1 and figure 
2 were made by Russell Runnels. 


REGIONAL SETTING 

The exposures described here occur within a relatively 
small area along the southwest bluff of the Missouri River 
Valley in the northeastern part of Doniphan County, the 
northeasternmost county of Kansas. They are situated adja- 
cent to the Missouri state line, and a few miles south of the 
southern boundary of Nebraska (fig. 1). The locality is more 
than 60 miles within the mapped southwestern limits of early 
Pleistocene ice sheets (Schoewe, 1922, 1930), but a consider- 
ably greater distance south of the limits of late Pleistocene 
ice sheets that terminated in northeastern Nebraska and 
northwestern and central Iowa. Detailed studies of glacial 
geology in the region north and northeast of Kansas (Kay 
and Apfel, 1928; Kay and Graham, 1943; Smith and Riecken, 
1947; Flint, 1947) preclude the possibility of the existence 
in Kansas of glacial tills other than those of Nebraskan and 
Kansan age, but indicate the existence of outwash floods in 
the Missouri Valley at the time of the retreat of the several 
Wisconsinan ice sheets. Although late Pleistocene outwash 
was not observed in the exposures studied, it is judged to have 
constituted the source for the extensive loess deposits of the 
Missouri Valley area. 

The limits of glacial advance in Kansas have been estab- 
lished (Schoewe, 1930) in the vicinity of the Kansas River 
Valley westward from Kansas City, and northward to the 
Nebraska state line in central Washington County, Kansas, 
but clear differentiation of Nebraska and Kansas glacial tills 
has been made at very few places within the State. Differ- 
entiation of the two tills is made difficult by their lithologic 
similarity, the lack of adequate subsurface data, and exten- 
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sive post-Kansan erosion which has produced a discontinuity 
of existing deposits in much of the glaciated region. 

The distribution of loess in northeastern Kansas is controlled 
by the location and orientation of the major outwash-carrying 
valley. In eastern Kansas the thickest deposits of loess occur 
south of the Missouri River Valley where it swings sharply 
to the east-southeast in Doniphan County (fig. 1). The 
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Figure 1. Maps showing location of sections studied in northeastern 


Doniphan County, and the location of Doniphan County within the State 
of Kansas. 


greatest thickness of loess known in Doniphan County is 195 
feet, penetrated in a test hole drilled in the SE14 NW1, sec. 
22, T. 1 S., R. 19 E. South of Doniphan County, where the 
Missouri River Valley trends slightly east of south, the loess 
is generally less than 25 feet thick, and the upland loess mantle 
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thins rapidly westward from the valley bluffs. Westward from 
Doniphan and Brown Counties across the glaciated part of 
Kansas, the loess is represented only by thin, discontinuous 
upland remnants. Near the west and southwest glacial limit and 
20 to 25 miles east of the Republican River Valley, one 
again encounters a thick and extensive upland loess mantle 
which thickens toward its source along Republican Valley. 

Inasmuch as profiles of weathering, or fossil soils, are of 
great importance in classification and correlation of the 
Pleistocene deposits of northeastern Kansas, a consideration 
of present climate is pertinent. The nearest stations of the 
U. S. Weather Bureau are located at St. Joseph, Missouri, a 
short distance to the southeast in the Missouri River Valley, 
and at Horton, about 25 miles to the southwest on the uplands. 
For 60 years of record the average annual rainfall at Horton 
has been approximately 34 inches, and for a shorter period 
at St. Joseph, approximately 35 inches. Farther down the 
Missouri River Valley at Leavenworth, 110 years of record 
show an average annual rainfall of approximately 35 inches. 
The mean annual temperature at Horton is 53° F. and at 
St. Joseph about 1° F. higher. This slight temperature dif- 
ference is reflected in the average length of the growing sea- 
son which is 179 days at Horton and 192 days at St. Joseph. 
In different years the prevailing wind direction at Horton 
has been from the northwest, southwest, southeast, and south, 
whereas at St. Joseph it is generally from the south. 


STRATIGRAPHY 


The most significant among the new exposures studied by us 
during 1948 is situated in the NE'4 SE! sec. 6, T. 2 S., 
R. 20 E., abovt 20 miles northwest of St. Joseph, Missouri 
(pl. 1). At this locality continuously exposed deposits were 
differentiated and correlated, in ascending order, with the 
David City formation, Nebraska glacial till, Kansas glacial 
till, and the Loveland silt, Peoria silt, and Bignell silt, the 
three last-named being classed as members of the Sanborn 
formation. Aftonian, Yarmouthian, and Sangamonian inter- 
glacial intervals are represented, at least in part, by weather- 
ing profiles developed in the upper part of the Nebraska till, 
Kansas till, and the Loveland silt, respectively. This section 
presents the most complete record of Pleistocene time known 
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to be exposed at any one locality in Kansas. The succession 
of strata is described in the following measured section. 


Section measured in quarry face and auger holes along Missouri 
River bluff, NE%4 SE% sec. 6, T. 2 S., R. 20 E., 
Doniphan County, Kansas. 

Pleistocene feet 

Sanborn formation 
Bignell silt member 
Silt, massive, structureless, buff, gray and tan; exposed 
in vertical face of quarry. Three to four feet at top and 
bottom partly leached of CaCO; but containing some 
etched fossil snail shells. Remainder of interval effer- 
vesces in dilute HCI; fossiliferous 


Peoria silt member 
Silt, massive, structureless, gray and tan. Well-devel- 
oped Brady soil at top, represented by a few feet gray 
leached silt, grading downward to a more compact 
zone, faint reddish buff in color and locally containing 
abundant, large caliche nodules in lower part; 12 to 
17 feet thick. A weakly calcareous zone occurs below 
the Brady soil and contains fossil snails. Below the 
fossiliferous zone a few feet of the silt is partly leached 
and lacks fossil snails. The basal several feet of silt 
effervesces in dilute HC] and contains fossil snail 


Loveland silt member 
Silt, massive, reddish-buff. All included in the Loveland 
soil profile, but lower 0.5 foot effervesces in dilute 
HCl. Upper 7 feet is reddish-buff, partly leached of 
CaCOs, and displays a joint pattern with CaCOs, and 
limonite concentrated along some joint planes. In near- 
by exposures etched fragments of fossil snail shells oc- 
cur in the lower part of this interval. The sharp bound- 
ary at the top of the Loveland and absence of an upper 
gray layer suggest that part of the Loveland soil may 
have been removed by erosion prior to the deposition 
of the overlying Peoria 

Kansas till 
Till; matrix of clay and silt containing pebbles and 
cobbles of limestone, pink quartzite, and igneous rocks. 
Irregular masses of brown sand are incorporated in the 
till. Gray and yellow mottled. Lower 7 feet highly 


| 


John C. Frye and A. Byron Leonard 


calcareous. A post-Kansas pre-Loveland weathering 
profile is indicated by the upper 2 feet of leached till, 
and the absence of an upper dark layer from the profile 
caused by pre-Loveland erosion. Large caliche nodules 
were observed in the lower part of the leached zone and 
upper part of the calcareous zone; these may represent 
the lime accumulation zone of the overlying Loveland 


Nebraska till 
Till; matrix of clay and silt with pebbles and cobbles 
of limestone, igneous rocks, and a few of pink 
quartzite. Irregular masses of sand and gravel incor- 
porated in till. At top is a well-developed post- 
Nebraskan pre-Kansan soil profile characterized by a 
black to dark-gray upper zone about 2 feet thick, 

leached of CaCO , and lacking limestone pebbles but 

containing quartzite pebbles and a few igneous rock 

pebbles. The upper zone grades downward into a 

medium gray to light brown leached and oxidized zone, 

which in turn grades downward into gray calcareous 


David City formation 
Gravel; cobbles, boulders, sand, and silt; limestone, 
igneous rocks, and quartzite. Platy elements roughly 
shingled. Iron stained, calcareous, locally cemented 


Pennsylvanian 

Deer Creek limestone 
Limestone and shale exposed in quarry face, from level 
of Missouri River flood plain. Approximately 


eee 


Total thickness exposed 


GLACIAL DEPOSITS 


The early Pleistocene glacial and glacio-fluvial strati- 
graphic units are clearly recognizable by lithologic characters 
observable in the field. The water-laid gravel at the base of 
the described section is considered to be pro-Nebraskan gla- 
cial outwash, which was over-ridden by the advancing Nebras- 
kan ice. Water-deposited gravels, classed as pre-glacial in 
age, have been observed elsewhere in northeastern Kansas 
below glacial till (Todd, 1920; Frye, 1941). These pre- 
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glacial gravels consist predominantly of chert pebbles, and 
lack quartzite and igneous rock types. They reflect a source 
in the cherty limestones of the Flint Hills, approximately 100 
miles west of the Missouri River. In strong contrast, the 
sub-till gravels considered to be pro-Nebraskan outwash are 
characterized by rock types similar to those occurring in the 
calcareous Nebraska till which overlies them. These gravels 
have not been subjected to prolonged weathering, as is evident 
from the abundance of unetched limestone pebbles which pre- 
dominate throughout the deposit. The gravel is here assigned 
to the David City formation, which was named (Lugn, 1935, 
pp. 38-40) to include deposits occurring in a similar strati- 
graphic position in Nebraska. The position of such water- 
laid gravels resting on Pennsylvanian bedrock approximately 
30 feet above the Missouri River flood plain suggests that the 
present topography has been carved largely since the advent 
of Nebraskan glaciation. 

Above the David City formation is till which may be recog- 
nized as comprising two distinct tills by the presence of a 
well-developed profile of weathering in the middle- part of 
the till section. The lithology of these two tills is quite similar, 
for they both possess a clay-silt matrix which is highly cal- 
careous below the leached zone in the upper part of each, and 
both are characterized by the presence of quartzite and 
igneous rock cobbles and boulders, associated with predom- 
inating limestone cobbles and boulders. The only observable 
lithologic difference between them is a seemingly higher per- 
centage of pink quartzite in the upper of the two tills. The 
weathering profile in the top of the lower till is several feet 
thick. This profile is judged to represent a significant interval 
of weathering, (1) because the relatively impermeable nature 
of the parent material tends to retard deep weathering, (2) 
because limestone pebbles are entirely absent from the upper 
2 to 214, feet, and (3) because igneous rocks in this zone are 
weathered to crumbly incoherent masses. Auger holes bored 
through the upper till into beds showing this profile prove 
that the weathered zone is in place and does not represent 
slump from some higher level. 

Correlation of the lower till as Nebraskan in age, and the 
upper till as Kansan in age is based on field relations to the 
north and northeast of Doniphan County (Kay and Apfel, 
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1928; Kay and Graham, 1943; Lugn, 1935) in territory 
where glacial advances of these two ages—and only these two 
ages—have been found to occur. The correlation also takes 
account of the deep profile of weathering between the tills, 
which excludes the possibility that the two tills studied here 
represent minor pulsations of one ice sheet. Aftonian time 
is judged to be represented by the development of the soil 
profile on the Nebraska till. 

A weathered zone also occurs in the uppermost part of the 
Kansas till, but it is thinner than the Aftonian profile, and 
lacks the distinctive upper dark layer. These facts suggest 
that part of the weathering profile on the Kansas till may 
have been removed prior to the deposition of the overlying 
loesses. If this be true, the weathering profile on the Kansas 
till may represent only a part of Yarmouthian time. 

In adjacent parts of Kansas and Nebraska water-laid 
deposits occur between Nebraska and Kansas tills (Holdredge 
and Fullerton formations of Nebraska classification), uncon- 
formably above Kansas till but closely related to it (Meade 
formation containing Grand Island and Sappa members of 
Kansas classification), and conformably at the base of the 
Loveland silt (Crete member, Sanborn formation of Kansas 
classification). 

LOESS DEPOSITS 

Criteria for subdivision—In northern Doniphan County 
massive silt, or loess, is known to attain a thickness of 195 
feet and it constitutes the predominant lithology in the new 
exposures studied. Seventy-five feet of massive silt was 
measured above the Kansas glacial till at the locality here 
described. Superficially, the silt has a similar appearance 
throughout its entire thickness but subdivision into three 
correlatable stratigraphic units was made possible by several 
independent lines of study. The entire section was checked 
foot by foot with dilute hydrochloric acid in the field. The 
presence of two major buried profiles of weathering, which 
were in turn used for field classification, was defined by leached 
zones determined by acid, by irregular bands of nodular soil 
caliche, by variation in toughness due to variations in clay 
content, by slight differences in gross structure, by the range 
from unetched to etched snail shells, and by the local absence 
of snail shells. One to two hundred miles west of Missouri 
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River, in northern Kansas, these fossil soils are more readily 
recognizable by field inspection owing to the presence of a 
dark-colored upper layer. The regional differences in mor- 
phology of the fossil soils is judged to represent climatic and 
floral differences at the time of soil formation. 

Bulk samples of silt containing fossil snails were collected 
from the two fossiliferous zones in the Peoria silt, and at 
regular intervals through the Bignell silt, which is fossiliferous 
throughout most of its thickness. Fifteen samples of silt were 
collected for chemical analysis, in order to check the reliability 
of acid effervescence in the field, and to determine other sig- 
nificant chemical properties of the silt (table 1). 


Chemical features——The chemical analyses, when plotted 
as vertical traverses, exhibit an unforeseen stratigraphic sig- 
nificance. Figure 2 shows, at the top of each of the two 
weathering profiles, sharp breaks in the* percentage of lime, 
magnesia, and ignition loss produced by downward leaching 
during the interval of time these units were not covered by 
younger deposits. The content (AlzOs, TiOe, Fe2Os) 
is slightly higher in the upper layer of each fossil soil, sug- 
gesting the accumulation of clay. A secondary high within 
the Peoria falls between the two fossiliferous zones. Some con- 
centration of K2O may be noted in the upper part of the 
Loveland profile. The percentages of silica increase in the 
weathering profiles and decrease in the unweathered zones. 
Since much of the silica is present in silt-sized grains of quartz, 
probably it is the most stable constituent of the parent mate- 
rial, and therefore variations in silica content reflect the 
removal or addition of other more transferrable constituents 
rather than variations in absolute amounts of silica. 

The chemical traverse indicates complexity of the Bignell 
silt, which is not apparent in the field. The upper part of this 
member is shown by the analyses to have a distinctly higher 
calcium carbonate content than the lower part. 


Paleontological features—The species of fossil snails 
recovered from each of the four fossiliferous zones shown on 
figure 2 are listed in figure 3. Etched fragments of fossil snail 
shells occur in the Loveland silt member where it is exposed 
in a new cut approximately one-half mile northwest of this 
locality, but identifiable material was not recovered. 
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1 
Chemical analyses of loess from locality of measured section in 
the NE\% SE sec. 6,T. 2 S., R. 20 E., Doniphan County, Kansas. 
Stratigraphic position of samples shown by letter on Figure 2. 
(Analyses by Russels Runnels in the Laboratory of the State 
Geological Survey of Kansas.) 


Al,O, 
Sample SiO, +TiO, Fe,O, CaO MgO P.O, K,O loss 
R 66.58 11.06 3.20 5.60 2.50 0.15 2.84 7.74 
P 6539 10.15 325 615 297 015 2.26 826 
6883 1109 3.04 416 241 015 263 6.10 
69.11 10.80 3.15 4.22 2.51 0.17 2.52 6.02 
68.02 10.82 2.76 4.87 3.22 tr. wines 7.00 
76.99 11.94 2.86 0.98 1.01 0.08 2.21 2.60 
76.78 11.77 3.32 1.02 0.97 0.10 2.41 2.29 
77.38 11.82 2.72 0.95 1.26 0.09 2.69 2.41 
76.79 10.85 2.87 1.10 1.15 0.13 2.58 2.27 
12.00 3.02 267 1.06 008 255 3,89 
71.62 11.61 2.92 3.55 2.08 0.16 2.00 4.68 
7121 10.11 261 3.70 262 O15 235 5.78 
76.58 12.05 3.03 1.17 1.08 0.17 2.90 2.37 
7680 1205 275 098 08 009 289 248 
11.95 2.17 


~ 


The faunal list shown in figure 3 gives only species so far 
collected from one locality and is not a complete faunal list 
for the members; studies of loess molluscan faunas are in 
progress in an area extending across northern Kansas, but 
this work is incomplete. 

The most significant feature of the faunas, as far as 
present stratigraphic considerations are concerned, is that the 
fossils in the Peoria silt member at this locality are character- 
istic of molluscan faunas in the Peoria silt elsewhere in north- 
ern Kansas, and especially similar to the molluscan fauna occur- 
ring in this loess along the Republican River Valley approxi- 
mately 125 miles west of this area. The two faunal zones in 
the Bignell silt coincide remarkably with the change in the 
chemistry of the silt (fig. 2). 

Origin of the loess deposits.—The physiographic and strati- 
graphic relationships observed in the northeastern Kansas 
deposits studied, the physical character of the loess, and the 
contained faunas, the predominant species of which today in- 
habit the moist lowlands near the water, indicate that the 
massive silts in Doniphan County were deposited by wind action 
and were derived from a near-by source on the valley flat of 
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Figure 2. Diagram showing variations in chemical constituents of the 
three loess members of the Sanborn formation described in the measured 
section and shown in Plate 1. Analyses by Russell Runnels in the lab- 
oratories of the State Geological Survey of Kansas (note table 1). 
Cemented nodules were not included in the sample for analysis from the 
caliche zone of the fossil Brady soil. 
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(lower zone) 


(lower zone) 
(upper zone) 
Bignell 
Bignell 
(upper zone) 


Peoria 


Stenotrema monodon aliciae 
(Pilsbry and Vanatta) 


Triodopsis mul/tilineata (Say) 


Anguispira alternata (Say) 


Hendersonia occulta (Say) 


Gastrocopta oarmifera (Say).......... 


Helicodiscus poarallelus (Say) 


Succinea ovalis Say 


Succinea grosvenori Lea 


Deroceras /aeve (Miller) 


Discus shimeki Pilsbry............... 


Euconulus sp......... 


Retinella electring (Say) 


Vertigo milium (Gould) 


Discus cronkhite/ (Newcomb) 


Pupilla blandi Morse 


Succinea avara Soy 


Vertigo tridentata Wolf............ 


Hawa/ia minuscula (Binney)....... 


Vallonia gracilicosta Reinhardt 


Totol species, each faunal zone Siti > 


Figure 3. Chart showing species of fossil snails obtained from two 
zones in the Peoria member and two zones in the Bignell member. 
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the Missouri River. Furthermore, these facts indicate that 
the most effective wind direction was from the west-northwest. 
The extreme thickening of loess within the eastward loop 
described by the Missouri River, the pronounced thinning 
of the loess mantle within a distance of 20 miles west of the 
river, and distribution of loess thicknesses in adjacent parts of 
Missouri, serve as indicators of effective wind direction. That 
the loess (except locally along steep gully sides) has not 
moved down slope colluvially is demonstrated by the facts 
that the fossil soils possess horizontal continuity, are not 
distorted, and exhibit the physical and chemical characters 
of weathering in situ. It is also proved by the distinctiveness 
of the four fossiliferous zones, by the existence of the greatest 
known thickness of loess directly under the highest elements 
of the local topography, and by the exposure of the top of 
Pennsylvanian bedrock not far above the flood plain of the 
Missouri River Valley and the floor of tributary valleys. Water 
deposition of the loess is precluded by the facts that it occupies 
the highest elements of local topography, lacks stratification, 
and possesses a high degree of textural uniformity through a 
known thickness of 195 feet; that the Bignell displays a 
gradational contact at the top of the Brady soil; and that 
aquatic species were not found among the fossil snails in all 
zones studied, and the fossil shells are not crushed or abraded. 

The weathering profiles, although the most important, are 
not the only secondary features. Small calcium carbonate con- 
cretions occur sparsely throughout the loess as a result of 
the action of percolating ground waters. A more striking 
effect of ground water may be seen in some exposures where 
the position of a prolonged stand of the water table is marked 
by a thin, loosely iron-cemented zone, appearing as a narrow 
rust-red band. A color contrast in the silt, which may be seen 
more readily in the field than the important old soils, occurs at 
this line. Above it, the loess is a uniform tan color, whereas 
below it, the loess is distinctly grayish, except where iron has 
been concentrated around former roots, producing conspicu- 
ous, more or less vertical, rust-red concretions or streaks, 
which begin abruptly above and taper off below (pl. 1C). That 
this change in color and local distribution of iron is related to 
the water table has been shown by auger borings elsewhere 
in Kansas made by us through loess into the water table and 
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by the general similarity of the shape of this band to the 
local topography. In fresh cleavage breaks on vertical bluffs 
of loess, thin color laminae which may represent annual stands 
of the water table below the more prominent iron-stained band 
have been observed. Control of these features by the former 
position of the water table is suggested by their general con- 
formity in shape to the upper prominent band and their lack 
of conformity to the position of weathering profiles. 

Correlation—The three stratigraphic units established by 
the foregoing facts are here correlated with the three wide- 
spread late Pleistocene loesses of the Kansas-Nebraska region, 
classed in Kansas as the Loveland, Peoria, and Bignell silt 
members of the Sanborn formation (Frye and Fent, 1947; 
Frye, Swineford, and Leonard, 1948). 

Kansas glacial till, which has a weathering profile in the 
top, immediately underlies the loess, and so it may be presumed 
that the lowest loess unit in this area cannot be older than 


PLATE 1 


A. Bignell silt member (b) and upper part of Peoria silt member (a) of 
the Sanborn formation exposed in upper part of highway borrow pit, 
NEY, SEY sec. 6, T. 2 S., R. 20 E., Doniphan County, Kansas. Man in 
middle distance is standing on upper fossiliferous zone of the Peoria silt 
member. The stratigraphic section included in this paper was measured at 
this locality, and the fossil snail faunas listed in figure 3 and the samples 
for chemical analyses given in table 1 and figure 2 were collected here. 
(July 1948) 


B. Shows method of sampling the Bignell silt member. The Brady soil 
of the Peoria silt member (a), lower fossiliferous zone of the Bignell 
silt member (b), and upper fossiliferous zone of the Bignell silt member 
(c). Same locality as A. (October 1948) 


C. Peoria silt member, northeastern Doniphan County, Kansas. Former 
position of the water table is marked by the pronounced iron-cemented band 
about midway of the hammer handle. Above the iron-cemented band the 
loess is a uniform tan; below, a medium gray with iron cement concentrated 
in long tubules around root remains. (July 1948) 


D. Kansas till at same locality as A. Note pebbles of igneous rock types, 
and caliche nodule (upper center) judged to represent accumulation from 
the weathering of the overlying Loveland silt member. (October 1948) 


E. Caliche nodules at the base of the Brady soil profile in the upper part 
of the Peoria silt member, 15 to 17 feet below top of Peoria; 53 to 55 
feet below top of exposure. Same locality as A. (October 1948) 
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late Yarmouthian or Illinoian. The weathering profile (Love- 
land soil) and presence of mineralized joints in the Loveland 
indicate a significant unconformity between the Loveland and 
the overlying Peoria. The Loveland is the only named loess unit 
in Kansas and Nebraska known to occupy a stratigraphic 
position above Kansas till soil and below Peoria loess. It is 
our judgment that the Loveland silt of this locality was 
derived from valley train material carried down the Missouri 
Valley in late Illinoian time. 

The second major stratigraphic unit (Peoria silt) within 
the loess is confined above the Loveland soil and below the 
top of its contained profile of weathering (Brady soil, (Schultz 
and Stout, 1945)). It has yielded a molluscan fauna typical 
of the Peoria silt in central and western Kansas. The Peoria 
of the Missouri Valley region is judged to be of early Wiscon- 
sinan age. As Iowan ice is known to have crossed the present 
Missouri Valley less than 200 miles north of this area (Flint, 
1947), adequate valley train source material probably was 
available at that time. A minor time break is suggested in 
the lower part of the Peoria member by the presence of a 
partial leached zone which lacks a fauna. It is not known, 
however, whether this should be interpreted as indicating two 
episodes of deposition during Iowan time, or Iowan deposition 
followed by post-Iowan deposition. 

In north-central Kansas a transition zone commonly occurs 
at the base of the Peoria silt. This zone has been interpreted 
as the initial slow accumulation of the eolian deposits of 
Peorian age at a rate allowing partial leaching contem- 
poraneously with deposition. In the Doniphan County localities 
studied, such a transition zone at the base of the Peoria is thin 
or nonexistent, whereas a well-developed transition zone occurs 
in the basal part of the overlying Bignell silt member. 

The uppermost stratigraphic unit, the Bignell silt (Schultz 
and Stout, 1945; Condra, Reed, and Gordon, 1947; Frye and 
Fent, 1947), rests on the deep Brady soil profile in the top of 
the Peoria silt. Therefore, it must be late Wisconsinan and 
possibly Recent in age. Presumably it was derived from out- 
wash of the relatively near-by Mankato glacial lobe and pos- 
sibly also from slightly younger or older ice of the Missouri 
Valley region of South Dakota (Flint, 1947). Although the 
faunas so far recovered from the Bignell farther west in 
Kansas are not adequate to permit firm paleontological cor- 


t 


898 John C. Frye and A. Byron Leonard 


relation with the Doniphan County area, the stratigraphic 
position of the deposit leaves no alternative but to correlate 
it with this described unit in Nebraska and north-central and 
western Kansas. 

Nowhere in Kansas has a zonation previously been observed 
in the Bignell silt. Although a weathering profile within it 
was not recognized in the field, its two-fold nature in Doniphan 
County is indicated both by the distinctly higher percentage of 
calcium carbonate in the upper part and the dissimilarity 
of fossil snail species in its upper and lower zones. The change 
in faunal elements coincides with the change in calcium car- 
bonate content. These facts, however, in the absence of a 
well-developed profile of weathering, do not necessarily demand 
an interval of nondeposition but might be interpreted as the 
result of an increased rate of deposition in the upper part, a 
slight change in the nature of source material or local climate, 
or a change in the cover of vegetation on the surface of sedi- 
mentation. The ecological implications of the snail faunas 
suggest the last of these possibilities. Regardless of which 
explanation is correct, the vertical change in lithology and 
fauna imply a change in one or more environmental factors, 
which, in turn, indicates that the deposition of the Bignell 
was not sudden but involved an appreciable interval of time. 


REFERENCES 


Condra, G. E., Reed, E. C., and Gordon, E. D., 1947. Correlation of the 
Pleistocene deposits of Nebraska. Nebraska Geol. Survey Bull. 15, 1-73. 

Flint, R. F., 1947. Glaciation of South Dakota (preliminary discussion). 
Geol. Soc. America Bull., 58, 1179-1180. 

Frye, John C., 1941. Reconnaissance of ground-water resources in Atchison 
County, Kansas. Kansas Geol. Survey Bull. 38, pt. 9, 237-260. 

, and Fent, O. S., 1947. The late Pleistocene loesses of central 
Kansas. Kansas Geol. Survey Bull. 70, pt. 3, 29-52. 

, Swineford, Ada, and Leonard, A. Bryon, 1948. Correlation of 
Pleistocene deposits of the central Great Plains with the glacial section. 
Jour. Geology, 56, 501-525. 

Kay, G. F., and Apfel, E. T., 1928. The pre-Illinoian Pleistocene geology 
of Iowa. lowa Geol. Survey, 34, 1-304. 

, and Graham, J. B., 1943. The Illinoian and_post-Illinoian 
Pleistocene geology of Iowa. Iowa Geol. Survey, 38, 11-262. 

Lugn, A. L., 1935. The Pleistocene geology of Nebraska. Nebraska Geol. 
Survey Bull. 10, 1-223. 

Schoewe, W. H., 1922. Southernmost extension of Kansas tills. Pan-Amer. 

Geologist, 38, 378-382. 


: 
i 


Pleistocene Stratigraphic Sequence 899 


Schoewe, W. H., 1930. Evidence fur a relocation of the drift border in 
eastern Kansas. Jour. Geology, 38, 67-74. 


Schultz, C. B., and Stout, T. M., 1945. Pleistocene loess deposits of 
Nebraska. Am. Jour. Sct., 243, 231-244. 


, 1948. Pleistocene mammals and terraces in the Great Plains. 
Geol. Soc. America Bull., §9, 553-588. 
Smith, G. D., and Riecken, F. F., 1947. The Iowan drift border of north- 
western Iowa. Am. Jour. Sct., 245, 706-713. 


Todd, J. E., 1920. Lacustrine beds near Atchison (abstract). Kansas 
Acad. Sci. Trans., 29, 116-117. 


Strate Survey 
Tue Universiry or Kansas 
Lawrence, Kansas 


| 
| é 

| 

| 
| 

| 


TWO NEW SPECIES OF ACROCRINUS 
FROM THE PENNSYLVANIAN OF 
OKLAHOMA 


HARRELL L. STRIMPLE 


ABSTRACT. Acrocrinus pumpkensis, new species from the Ardmore 
Basin of southern Oklahoma (lower Pennsylvanian) and Acrocrinus elegans, 
new species from northeastern Oklahoma (upper middle Pennsylvanian) 
are described. 


N 1940 the author found an interesting specimen of Acro- 
crinus, described here as A. elegans, n. sp., in the exposure 
of shale occurring in the north wall of an abandoned tank 
dyke some 214 miles northeast of Copan, Oklahoma. This 
horizon is some 30’ above the Torpedo sandstone formation, 
Ochelata group, Missouri series, Pennsylvanian and contains 
a most interesting and varied fauna. Another specimen of this 
unique genus was found in the spring of 1948 by a fellow 
amateur paleontologist, Wm. T. Watkins, in the Pumpkin 
Creek limestone member, Dornick Hills formation, Pennsyl- 
vanian, exposed on the west side of Lake Murray approxi- 
mately 114, miles by road from the spillway of the lake, south 
of Ardmore, Oklahoma. This form proves different from other 
described species and is presented as A. pumpkensis, n. sp. 


ACROCRINUS PUMPKENSIS, new species 
Plate 1, Figs. 1-3. Text-fig. 1 


The dorsal cup is almost as wide at the summit as at mid- 
height. There are two BB which form a flat disk in the flat- 
tened base. The suture between BB extends antero-posteriorly. 
Stem impression is round and gently concave. There are five 
RR which are hexagonal shaped plates with the exception of 
the 1. post. R which is pentagonal shaped. Articular facets 
are concave and do not occupy the entire width of RR. There 
is a low ridge partitioning the facets into an outer and inner 
area. The RR are all in lateral contact with the exception of 
the posterior which are separated by the large anal X. 

The BB and RR are separated by 4 to 5 circles of plates 
which are designated as intercalaries (ii) following the ter- 
minology of Moore and Plummer, 1937. There are 11 plates in 
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the circlet below the RR‘ and anal X. Thirteen plates may be 
considered as ii®; fourteen plates as ii*; thirteen plates as ii* ; 
nine plates as ii®. In the anterior, right anterior and posterior 
rays, the ii form unbroken series of 4 plates. The left posterior 
ray is very assymetrical when compared with other series of 
intercalaries. Most of the ii are hexagonal shaped though many 
are also of pentagonal outline. Many camerates have sym- 
metrical series of plates in the dorsal cup which are interpreted 


as being the incorporation of parts of the arm series into the 
dorsal cup. 


Measurements.— 
Width of dorsal cup (average) 
Height of dorsal cup 
Width of ant. R 
Height of ant. R 
Diameter of BB circlet 
Diameter of stem impression 


Remarks.—Seven species of Acrocrinus have been previously 
described. The genotype species, A. schumardi Yandell, and 
A. amphora Wachsmuth and Springer are both Mississippian 
forms having elongate dorsal cups. A. praecursor Springer and 
A. intermedius Springer are also Mississippian species and 
both have more or less erect, turbinate shaped calices. A. pirwm 
Moore and Plummer from the Morrow (lower Pennsylvanian) 
has a distended basal area and a constricted summit. A. wor- 
thent Wachsmuth and A. brentwoodensis Moore and Plummer 
are both Pennsylvanian species having the general calyx out- 
line of A. pumpkensis. A. wortheni is a smaller form, yet has 
six circles of intercalaries as compared with the 4 to 5 circles 
in the Pumpkin Creek species. The complete calyx of A. brent- 
woodensis was not known to Moore and Plummer at the time 
they presented the species, but the author has a complete 
dorsal cup from the Hale sandstone which shows the cup out- 
line to be similar to A. pumpkensis. In both species anal 
X is large and is in contact with 3 ii below. In A. brent- 
woodensis the RR are in contact with 4 ii in the three anterior 
rays and with 3 ii in the two posterior rays. All RR are bor- 
dered below by 3 ii in A. pumpkensis with the exception of the 
1. post. R which is supported by only 2 ii. 
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Occurrence and horizon.—Pumpkin Creek limestone member, 
Dornick Hills formation, Pennsylvanian; west side of Lake 
Murray south of Ardmore, Oklahoma. 

Holotype.-—Collected by Wm. T. Watkins. To be deposited 
in the U. S. National Museum. 


Figures 1 and 2. Diagrammatic sketches of two new species of Aecro- 
crinug from Oklahoma. Fig. 1, Acrocrinus pumpkensis, n. sp. from the 
Pumpkin Creek limestone of the Ardmore Basin. Fig. 2, Acrocrinus elegans, 
n. sp. from the shale above the Torpedo sandstone of northeastern 
Oklahoma. 
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ACROCRINUS ELEGANS, new species 
Plate 1, Figs. 4-6. Text-fig. 2. 


The dorsal cup is elongate. Two BB plates are slightly up- 
flared, however the circlet of minute plates surrounding them 
are almost horizontal in position. There are five RR which 
are adjoining except at the post. IR where the anal X inter. 
rupts the circlet. Articular facets are considerably narrower 
than the width of RR, and are divided into an outer and inner 
area by a ridge. There are five to seven circles of inter- 
calaries interposed between the BB and RR. Most ii are hexa- 
gonal shaped but several are pentagonal in outline. Each RR 
is bounded below by 3 ii. It is difficult to determine the exact 
number of intercalaries to each circlet due to sparodic elements 
and the disturbed preservation of the post. IR. There are 
probably twelve ii in the first circle below the RR; possibly 15 
to 16 in the second circle; 14 in the third circle; 18 in the 
fourth circle; 13 to 14 in the fifth circle. Five incipient inter- 
calary plates are present adjacent to the BB, resting in the 
sutures between larger ii except in the anterior ray where the 
incipient element is directly under the aRi®. The plate which 
may be designated as X’? also has an immature appearance. 
Plates of the anterior ray appear to form the only unbroken 
series in the cup, and those of the left posterior series are the 
most assymetrical. 

The tegmen is in the form of a low tube. A small protruber- 
ance is present on the posterior O and is probably a hydro- 
pore. Arms are unknown. Under strong magnification all plates 
have a delicately granular appearance. 


Measurements.— 
Width of dorsal cup (computed) 
Height of dorsal cup 
Width of ant. R 
Height of ant. R 
Diameter of BB circlet 
Diameter of stem impression 


Remarks.—Acrocrinus elegans is apparently more closely 
related to A. pirum than other described Pennsylvanian forms. 
In the later species there is a sharp constriction of the upper 
portion of the dorsal cup and the lower portion is distended. 
The species may also be readily separated by the pattern of 
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the intercalaries just below the RR. In A. pirwm two ii sup- 
port each RR with the exception of the ant. R which is sup- 
ported by 3 ii. In A. elegans there are three ii adjoining 
each RR. 

The presence of incipient intercalaries adjacent to the BB 
lends support to the observations of Wachsmuth and Springer, 
1897, p. 804; Springer, 1911, p. 41; and Moore and Plummer, 
1937, p. 220, wherein it is noted that the intercalaries next 
below the RR were first to be introduced during ontogenetic 
development. Irregularity in the shape and placement of ii 
indicates a primitive reversion toward a cystid-like form. Some 
authors consider this as the normal evolutionary development 
among crinoids, however, in the writers’ opinion normal evolu- 
tion is toward simplicity and such a trend as found in Acro- 
: crinus is unusual regressive action taken in certain lines. 

Occurrence and horizon.—Unnamed shale 30’ above the 
Torpedo sandstone formation, Ochelata group, Missouri series, 
Pennsylvanian; some 214 miles NE of Copan, Washington 
County, Oklahoma. 

Holotype.—Collected by Harrell L. Strimple. To be de- 
posited in the U. S. National Museum. 
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Figs. 4-6, Acrocrinus elegans, new species: 1, Anterior view of holotype; 2, terior vie 
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